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Fecal pollution of surface water and groundwater is a great concern since the 
presence of fecal microorganisms and organic pollutants in waters poses a 
serious public health problem. Leakage of untreated wastewater to 
groundwater and surface water can be considered to be a main reason causing 
water quality degradation. To determine the risk of water quality degradation 
due to sewage leaks, many broad lists of sewage-associated indicators are 
recommended. Sewage-associated indicators can help identify fecal 
contamination in water bodies. However, analyzing the long list of 
recommended sewage-associated indicators have some problems such as time-
consuming and high cost of analysis. Therefore, there is an urgent need to find 
rapid, reliable, sensitive and specific indicators that can help in detecting and 
evaluating the impact of sewer leaks on groundwater and surface water 
quality.  
In this present study, eight sewage, chemical indicators, including acesulfame 
(ACF), acetaminophen (ACT), caffeine (CF), carbamazepine (CBZ), 
crotamiton (CTMT), cyclamate (CYC), diethyltoluamide (DEET), saccharin 
(SAC) and two microbial indicators including Escherichia coli (E. coli) and 
male-specific (MS2) were selected and examined for the possibility of being 
sewage-associated indicators. To achieve this goal, first the attenuation 
processes (i.e. sorption and degradation) of selected sewage-associated 
microbial and chemical indicators in soil were explored using batch 
experiments. Results indicated that adsorption of selected microbial and 
chemical indicators onto the sandy soil was best fitted to the first-order and 
 VII 
 
second-order adsorption kinetics, respectively. Adsorption isotherm results 
showed MS2 and all chemical indicators were best fitted to Freundlich 
adsorption isotherm, whereas E. coli was fitted to Langmuir adsorption 
isotherm. Results showed the higher adsorption capacity of microbial 
indicators than chemical indicators onto the soil and among chemical 
indicators, ACT and CF were most adsorbed. Biodegradation batch studies of 
selected chemical indicators showed biodegradability of ACT, CF and DEET 
in unsterilized soil.   
Effect of environmental factors such as pH and NOM on the removal of the 
selected sewage-associated indicators in the soil were examined by series of 
batch studies. Results indicated a lower pH caused lower adsorption of 
selected PPCPs and microbial indicators and in reverse, higher pH diminished 
adsorption of selected ASs onto the soil. The effect of NOM on adsorption of 
chemical and microbial indicators onto the soil showed a higher amount of 
NOM caused lower adsorption of all selected chemical and microbial 
indicators. 
Besides batch studies, transport of selected sewage-associated chemical and 
microbial indicators through saturated soil columns was investigated. It was 
found that chemical indicators reached the breakthrough point faster than 
microbial indicators. The removal rate of chemical indicators through 
saturated biotic and abiotic soil column was investigated. It was found that 
higher removal rates of ACT, CF and DEET occurred in biotic columns 




In this study, the effect of two primary substrates (supplied as CH3COONa 
and (NH4)2SO4) on removal of chemical indicators was taken into account. 
The correlation of determination (R
2
) between addition of these two primary 
substrates with the removal of each chemical indicator was calculated. In 
general, the addition of CH3COONa/(NH4)2SO4 decreased the removal of 
ACF, ACT, CF, CYC and SAC but it had no significant effects on the removal 
of CBZ and CTMT. The removal of DEET was decreased by the addition of 
(NH4)2SO4 whereas the addition of CH3COONa did not have any effect on its 
removal.  
Finally, continuous biotic soil column studies were designed to assess the 
effect of water table fluctuation on the transport of sewage-associated 
chemical indicators. In this experiment, alternative change of saturated and 
unsaturated conditions enhanced the removal of ACT, CF, and DEET while no 
effect on other selected chemical compounds was observed.  
The findings of the present study complement those of earlier studies 
suggesting suitable sewage-associated indicators for the detection of fecal 
contamination in water bodies. This research extends our knowledge about the 
attenuation of selected sewage-associated indicators by the most important 
transport mechanisms including sorption and biodegradation through the soil. 
The results of this study may provide a clear explanation of the effects of some 
important environmental factors, including NOM, pH, biodegradable primary 
substrates (CH3COONa and (NH4)2SO4) and water table fluctuation on the 
removal of selected sewage-associated indicators through the subsurface area.  
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CHAPTER 1  INTRODUCTION 
 
1.1 Groundwater contamination  
Groundwater‎represents‎over‎90%‎of‎the‎world’s‎readily‎available‎freshwater‎
resource. It is an important source of water supply that can provide 25% to 
40%‎ of‎ the‎ world’s‎ drinking‎ water‎ demand (Boswinkel 2000). However, 
continuous groundwater pumping and low rainfall rate reduces the quantities 
of groundwater resources. In addition, the rapid population growth and 
urbanization, especially in tropical Asia have led to serious water quality 
degradation in this region. Thus, besides quantity reduction in groundwater 
resources, the quality of groundwater may also be deteriorated due to different 
contamination sources. Sources of groundwater contamination include both 
natural and human sources. Dissolved solids, chlorine, iron, manganese as 
well as nitrate-nitrogen are important natural sources of contamination. 
Besides natural sources, human activities cause groundwater contamination 
from different sources such as waste disposal, septic systems, pipe leakage, 
landfills, surface impoundments, injection wells, storage and handling of 
materials and wastes, agricultural activities and many other human activities 
(Moody 1996). Therefore, it is of utmost importance to keep groundwater 
resources clean and pollution free.  
One of the human sources that we are most concerned with is the interactions 
between the sewers and groundwater. This can be classified into two 
significant categories: the infiltration of groundwater into the sewer or the 
exfiltration from the sewer into the surrounding soil (Doshi 2012). In view of 
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this, this study will focus on exfiltration from the sewer, as leaking of sewage 
could seep through the soil and contaminate the groundwater. Exfiltration may 
occur as sewers undergo corrosion or damage due to aging. Sewage leakage 
introduces unwanted nutrients, organic compounds, microbial and other 
contaminants into the soil and groundwater (Doshi 2012). Intensive 
monitoring, especially of fecal pollution, is therefore important for 
understanding the extent of this problem. 
Groundwater contributes to surface water in oceans, springs, lakes, reservoirs 
and wetlands where the water table intersects the land surface (The 
Groundwater Foundation 2013). Therefore, groundwater pollution will lead to 
surface water pollution. On the other hand, surface water can also infiltrate 
into the subsurface area to recharge groundwater. Thus, cross-contaminations 
can occur. Besides cross-contamination of groundwater problem, the extent of 
groundwater contamination may not be easily assessed due to several factors. 
These factors include: (i) limited and inconsistent access to the water 
(especially those dependent on springs and wells), and (ii) incomplete 
information and also methods of sampling and analysis (Moody 1996). Owing 
to concerns over contamination of ground water and subsequent effect on 
surface water quality, there is a need to assess the fate and transport of the 




1.2 Contaminants in groundwater and their potential health impact  
The quality of water directly affects our standard of living and health. The 
World Health Organization (WHO) estimates that around 80% of the health 
problems (around 4 billion cases per year) are water related, especially in 
developing countries (Cheesbrough 2000, WHO 2000). Groundwater 
contamination by sewage or wastewater can originate from a wide range of 
sources such as leaking, overflowing sanitary sewer systems, wastewater 
treatment facilities, etc. The risk of groundwater contamination is high when 
the sewage contains high concentrations of toxic chemicals, pathogenic 
bacteria as well as highly persistent viruses that can harm humans (Dizer and 
Hagendorf 1991). The sewage-related contaminants found in groundwater can 
be divided into three groups; namely microbiological, organic and inorganic 
contaminants. 
Sewage microbiological contaminants from humans and other warm-blooded 
animals can be introduced into the aquatic environment via feces and cause 
health risks and water impairments. Coliform bacteria, such as fecal coliform 
and E. coli are usually used as sewage-associated microbial indicators of the 
possible presence of pathogenic fecal microorganisms, including parasites, 
viruses and bacteria from domestic sewage in surface water or groundwater 
resources. The research done by the Ministry of Environment in Canada 
investigated the concentration of total coliforms bacteria in groundwater 
samples (Ministry of Environment of Canada 2007). This research found that 
among 12000 groundwater samples taken over 16 years, 15% had total 
coliform contamination with a concentration higher than the drinking water 
guideline of 10 CFU/100 mL. 80% of the samples had a concentration 
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between 1 and 10 CFU/100 mL, and the rest of the sample (5%) had a 
concentration less than 1 CFU/100 mL. Therefore, this research showed the 
possibility of groundwater contamination by total coliforms bacteria. Besides 
contamination of groundwater by bacteria, many data also indicated the 
contamination of groundwater by viruses. Powell et al. (2003) determined the 
microbial quality of groundwater in UK by measuring the concentration of 
sewage-related bacteria (thermotolerant coliforms, sulphite reducing clostridia 
and fecal streptococci) and viruses (Norwalk-like viruses, enteroviruses, 
coliphage) in groundwater samples. Their study showed high attenuation of 
sewage microbial contaminants through their transport in the subsurface area 
and consequently it result in a low concentration of microbial contaminants in 
groundwater samples. Although, microbial contaminants are attenuated during 
their transport through the subsurface area, their presence in groundwater still 
causes some potential health effects. The related sewage microbial diseases 
include diarrhea, cholera, dysentery, gastroenteritis, hepatitis and typhoid 
fever (ISDH. 2013, Meays et al. 2004, Robertson et al. 2006, WHO 2013). 
These forms of infections are usually transmitted by various pathogens found 
in sewage such as E. coli, Cryptosporidium, Giardia, Salmonella and other 
pathogens (Meays et al. 2004). 
Cronin. et al. (2006) also measured the concentration of microbiological 
contaminants (E. coli, fecal coliforms, total coliforms, fecal streptococci, 
sulphite reducing clostridia, coliphage and enteric virus) in groundwater in the 
city of Doncaster, UK. Table ‎1-1 shows the max and mean concentrations of 
microbial sewage contaminant in urban groundwater, UK, and compares their 
associated decay rates and half-life. As can be seen in this table, bacteria had a 
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much higher decay rate compared to coliphages and enteric viruses. Thus, this 
comparison has shown the persistence of viral contaminations in groundwater 
resources (Cronin. et al. 2006). 
Table ‎1-1 Concentration, decay rate and half-life of some microbial 
contaminants in groundwater (Cronin et al. 2006) 
Microbiological 









E.coli* 14 0.4 0.038 18.2 (Yates et al. 1985) 
0.013 53.3 (Keswick 1982) 
Fecal coliforms* 40 0.9 0.064 10.8 (Yates et al. 1985) 
Fecal strep* 900 17.3 0.15 46.2 (Yates et al. 1985) 
0.0096 72.2 (Keswick 1982) 
Coliphage** 2 0 0.0005  (Collins et al. 2006) 
Enteric viruses** 2 0 0.01-0.0002 76-3500 (Gordon and Toze 2003) 
* CFU/100 mL, ** PFU/mL 
Besides the impact of groundwater microbiological contaminants on human 
health, the presence of organic compounds in groundwater also poses a serious 
health problem. Organic contaminants can enter the groundwater from the 
point or non-point sources of pollution. It is difficult to recognize and control 
non-point sources of organic contaminants in groundwater on a broad 
geographical scale. Therefore, preventing organic contamination in 
groundwater from point sources such as sewer systems and industrial sources 
is utmost important for protecting groundwater resources. Sewage is the main 
source and contains the greatest loads of emerging organic compounds. 
Emerging organic compounds such as pesticides, industrial compounds, 
artificial sweeteners and pharmaceutical and personal care products can be 
found in groundwater at the concentration of ppt to ppb level (Lapworth et al. 
2012). Although some of the organic compounds can convert into the less 
toxic compounds when they enter into the environment, some of them are so 
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persistent in the environment for a long time and pose the human health 
problem. The long term exposure of organic compounds can have significant 
health impacts such as gastrointestinal disorder, exhaustion, cancer, skin 
irritation and damages in liver, kidney and stomach (Barbara Kasprzyk-
Hordern 2009, Waller 1988). Sources and potential health impacts of some of 
the organic compounds in groundwater are shown in Table ‎1-2. 
Table ‎1-2 Organic contaminants in groundwater (Waller 1982) 
Contaminant Sources Potential health effects  
Volatile organic 
compounds 
Plastics, dyes, polishes, 
insecticides, paints, gasoline, 
disinfectant, pharmaceutical 
and personal care products, 
crude oil and many more 
Carcinogenic, liver and 
nervous system damage, skin 
irritation, exhaustion, blurred 
vision, weight loss, anemia 





thyroid, damage liver, 





disinfectant, waste disposal, 
industrial runoff, leakage of 
storage tank 
Carcinogenic, damages in 
kidney, liver, stomach and 
nervous system 
In addition to the above mentioned microbial and organic pollutants, various 
inorganic ions and heavy metals are also present in groundwater. These 
inorganic compounds such as aluminum, arsenic, barium, cadmium, chloride, 
mercury, sulfate, nitrate can cause groundwater contamination. The 






Table ‎1-3 Relative abundance of inorganic compounds in groundwater (Todd 
1980) 
Major constituents 








































The major concern of the inorganic compounds in groundwater is related to 
the ammonia, nitrates, and trace metals. Sewage can be a major source of 
some of these inorganic compounds, especially nitrate and sulfate in 
groundwater. Sources and potential health impacts of some of these inorganic 




Table ‎1-4 Inorganic contaminants in groundwater with their potential health 
impact (Waller 1982) 
Contaminant Sources Potential health effects and the 
other impacts  
Aluminium Rocks, mines Increase turbidity, discolored 
water 
 
Arsenic Pesticides, industrial 
activities, industrial waste, 
natural processes 
Acute and chronic toxicity, 
reduce blood hemoglobin, 
kidney, and liver damage, 
carcinogenic 
 






Cadmium Rocks, petroleum, coal, 
mines, plastic stabilizers, 
paints, industrial discharge, 
landfill leachate 
 
High blood pressure, reduce red 
blood cells, toxic to biota 
Chloride Mineral dissolution, salt 
water intrusion, domestic 
and industrial waste 
 
Deteriorates plumbing, change in 
water taste 
Copper Domestic and industrial 
waste, metal plating, mineral 
leaching 
 
Stomachache, liver and kidney 
damage, toxic to plant and algae, 
change taste of water 
Cyanide Plastics, fertilizer, waste 
disposal, steel processing 
 
Liver, brain and spleen damage 
Fluoride Municipal water supplies, 
industry 
 
Tooth decay, bone disorder 
Iron Sediment, rocks, mines, 
industrial waste 




Contaminant Sources Potential health effects and the 
other impacts  
Lead Industry, mines, gasoline, 
plumbing, coal 
 
Damage mental and physical 
development in children, increase 
blood pressure, carcinogenic 
Manganese Sediment, rocks, industrial 
waste 
 
Non-toxic to animals but toxic to 
plants, change taste of water 
Nickel Electroplating, mines, steel 
products 
Damages in heart and liver 
 
Nitrate/Nitrite Present naturally in soil, sea 
water, atmosphere and biota. 
The highest level in 
groundwater of developed 
area, enter from fertilizers, 
sewage 
 
Blue baby diseases, 
methemoglobinemia 
Sodium Decomposition of minerals, 
washing products, deposit of 
salt 
 
Health risk for those who has a 
low sodium diet 
Sulfate Saltwater intrusion, domestic 
and industrial waste 
 
Change taste of water 




Damages in kidney, brain, liver, 
intestines 
Zinc Mines, industrial waste, 
plumbing, sludge 
Change taste of water, toxic to 






1.3 Research statements 
Fecal pollution of surface water and groundwater has increasingly gained 
attention in the last decades. The presence of fecal microorganisms and 
organic pollutants in waters poses a serious public health problem (Dizer and 
Hagendorf 1991, Havelaar et al. 1991). Fecal pollution of surface water and 
groundwater is related to point-sources (e.g. treated wastewater effluents) and 
non-point sources (i.e. leakage from sewer lines, illegal discharges, sewer 
overflows, wildlife, and underestimated surface runoff). Among the non-point 
sources, leakage of untreated wastewater to groundwater and surface water 
can be considered to be a main reason causing groundwater quality 
degradation (Tallon et al. 2005).  
The identification of fecal pollution sources accompanied by appropriate water 
resource management policies could contribute to improving the 
microbial/chemical water quality (Bahirathan et al. 1998, Blanch et al. 2006). 
In the past, some chemical and microbiological methods have been proposed 
for tracking the origin of fecal pollution in groundwater and surface water 
(Ahmed et al. 2005, Bahirathan et al. 1998, Blanch et al. 2006, Bower et al. 
2005, Converse et al. 2009, Drewes et al. 2002). The most frequently used 
methods are selecting suitable sewage-associated indicators. Common sewage 
indicators for assessing water quality sources are fecal indicator 
microorganisms, such as fecal coliforms, E. coli, and enterococci. USEPA 
(2003) has suggested using these bacteria as the standard parameters to 
evaluate the water quality. These bacteria are found in feces of humans as well 
as other warm-blooded animals, such as birds and mammals (Whitman et al. 
1995). However, one of the disadvantages is that many fecal indicators 
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bacteria cannot be used to differentiate the sources of pollution. The reason is 
because of their replication in natural waters and also they are present in the 
feces of different animals (Bahirathan et al. 1998, Byappanahalli et al. 2003). 
Furthermore, using the thermotolerant coliforms to predict the potential 
presence of pathogens is still questionable because several pathogens, such as 
Cryptosporidium and Giardia, are more persistent than coliforms in natural 
waters (Payment and Locas 2011, Sauvé et al. 2012).  
To overcome the above limitations, the use of alternative indicators such as 
bacteriophages shows promising characteristics (Gourmelon et al. 2010, 
Havelaar et al. 1991). For instance, coliphages that are normally isolated from 
feces and fecally contaminated waters, do not appear to multiply outside their 
hosts, and certain groups have survival characteristics similar to those of 
enteric viruses in natural waters (Hagedorn et al. 2011). However, certain 
coliphages also occur in the feces of different warm-blooded animals and, 
therefore, cannot be used to differentiate the sources of fecal pollution 
(Havelaar et al. 1991).  
In addition to using microbial indicators, organic micro-pollutants, such as 
fecal steroids, pharmaceuticals and personal care products (PPCPs) or food 
additives, have been recently used as molecular markers (Blanch et al. 2006, 
Buerge et al. 2009, Froehner et al. 2010, Furtula et al. 2012, Gasser et al. 
2011, Gourmelon et al. 2010, Haack et al. 2009, Heberer 2002b, Noblet et al. 
2004, Standley et al. 2000, Van Stempvoort et al. 2011). Using chemical 
markers has been applied to detect and track pollution sources of surface water 
and groundwater in the North American and European countries (Buerge et al. 
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2009, Derrien et al. 2012, Heberer 2002b, Katz and Griffin 2008, Scheurer et 
al. 2011, Van Stempvoort et al. 2011). In comparison to many microbial 
indicators, chemical markers have the advantages of shorter analysis time and 
lower detection limits. Culture-based microbial assays often take 18-96 h, 
while chemical analyzes can be completed in a few hours or even minutes 
(Hagedorn et al. 2011). Targeting chemical markers are usually more 
beneficial than microbial indicators. It may be because the numerous 
microbial indicators in wastewater are also common to wildlife and there are 
sources other than wastewater. Additionally, chemical markers are 
consistently present at higher levels in the pollution sources (i.e. raw 
wastewater or treated wastewater effluents) and at relatively lower 
concentrations in receiving waters, whereas microbial indicators are subject to 
some of the issues that can impact microbial-based approaches such as 
replication in the aquatic environment under the favorable condition or 
persistence of viable but non-culturable bacteria (Hagedorn et al. 2011). 
However, chemical markers (e.g. caffeine, cotinine, and nicotine) may also be 
degraded in the environment (Bradley et al. 2007) and may differentially 
persist downstream of a source (Daneshvar et al. 2012, Glassmeyer et al. 2005, 
Hillebrand et al. 2012). To accurately identify and track pollution sources of 
surface water and groundwater, it is critically needed to consider more 
persistent sewage-associated chemical markers (Buerge et al. 2009, Gasser et 
al. 2011, Gasser et al. 2010, Scheurer et al. 2011, Van Stempvoort et al. 2011). 
Until now, it has been shown that no single source tracking microbial or 
chemical method can sufficiently identify the origin of fecal pollution in 
waters (Blanch et al. 2006, Field and Samadpour 2007, Hagedorn et al. 2011). 
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Therefore, a selection of indicators for tracking pollution sources is critically 
required. Most of the research up to now has developed a broad list of sewage 
indicators to identify the sewage contamination (Cronin et al. 2006, Eaton 
2012, Glassmeyer 2005). However, these long lists of sewage indicators have 
raised some problems such as time consuming and high cost of analysis.  
With the aforementioned problems in the selection of suitable and specific 
sewage-associated indicators, this thesis aims to address some knowledge gaps 
about the suitability of sewage-associated indicators by understanding their 
transport behavior through the subsurface area.  
1.3.1 Lack of understanding of sorption and biodegradation 
mechanisms of sewage-associated indicators onto the soil 
Till now, fate and transport of pollutants are evaluated by understanding the 
involved physical, chemical and biotic processes through the soil. The 
physical processes include advection, diffusion, dispersion and capillary 
movements. The biotic and abiotic processes include bioaccumulation, 
biodegradation, sorption, immobilization, retardation and volatilization. 
Among these processes, biodegradation and sorption are the main important 
mechanisms that can have the major impacts on the transport of contaminants 
through the subsurface area. Although there are some studies on the adsorption 
and degradation of some of sewage contaminants onto the soil (Ford 2014, Lin 
et‎al.‎2010,‎Mrozik‎and‎Stefańska‎2014,‎Yu‎et‎al.‎2013,‎Zhang‎et‎al.‎2013b), it 
is highly imperative to examine and compare the adsorption and 
biodegradation of selected sewage-associated indicators onto the soil. In view 
of this, this study intends to provide the biodegradation and sorption data of all 
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selected sewage-associated indicators. In addition, there has been limited 
information available concerning the relationship between adsorption and 
biodegradation behaviors of contaminants through soil and physicochemical 
properties of contaminants. This study sets out to fully understand and explain 
the two main transport mechanisms, including biodegradation and adsorption 
of selected sewage-associated microbial/chemical indicators onto the soil 
through designed soil batch studies.  
1.3.2 Lack of understanding of transport behavior of sewage-associated 
indicators through subsurface area 
When sewage pollutants are released from the cracks of sewer pipes, they 
move downward by gravity force through the unsaturated and saturated soils 
and ultimately reach the groundwater. To evaluate the impacts of sewage 
contamination on the receiving water bodies, studies on the environmental fate 
and transport of the target chemical/microbial contaminants in the subsurface 
environment are critically needed (Al Aukidy et al. 2012). Most of the 
previous studies have been based on the occurrence data of the selected 
sewage-associated indicators in groundwater. However, it is not clear whether 
the sewage contamination level can be evaluated accurately if it is only based 
on the information of the occurrence of the target markers. In fact, for several 
chemical/microbial indicators, their presence/absence in surface water 
sometimes do not reflect the actual impacts of sewer leaks on groundwater 
quality because as mentioned the indicators may be experiencing through the 
attenuation processes in the subsurface area under natural conditions (Terzić‎et‎
al. 2008, Tran et al. 2014c). Most studies on the fate and transport of sewage-
associated chemical compounds have been done in engineered systems like 
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wastewater treatment plants (WWTPs), while studies on natural systems is 
still limited (Hedgespeth et al. 2012, Kosma et al. 2014, Reyes-Contreras et al. 
2011, Yang et al. 2011). Therefore, to meaningfully evaluate the impacts of 
sewage contamination levels on groundwater/surface water quality, 
understanding the transport behavior of sewage-associated indicators in the 
subsurface environment (soil) under natural attenuation conditions is critically 
needed.  
In the present study, transport of selected sewage-associated indicators 
through laboratory soil column under saturated condition was investigated. 
The transport behaviors of selected sewage-associated indicators under 
unsaturated condition are not taken into account in this study. This is because 
the focus of the present study is in tropical regions where heavy rainfall brings 
the water level up and causes the saturated condition to be a more dominant 
condition in the subsurface area. Furthermore, transport of contaminants 
through saturated condition is a concern worthy more attention since the 
contaminant can move in different directions, and thus contaminants have a 
higher possibility to reach groundwater resources. A study on the transport of 
sewage contaminants through laboratory soil column may help to enhance our 
understanding about surface and ground water pollution due to sewage leakage 
and provide useful information (e.g. removal rate) for selecting suitable 
sewage-associated indicators through the soil column. 
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1.3.3 Lack of understanding on the effect of environmental factors (pH 
and NOM) on sorption of sewage-associated indicators onto the 
soil 
Different geographic conditions can affect the heterogeneous nature of the soil 
and consequently change the sorption characteristics of organic compounds to 
the soil. Therefore, this is a big challenge for researchers to interpret the 
sorption of a wide range of organic contaminants into various kinds of soil in 
different geographic conditions. A collection of subsurface environmental 
factors can affect the sorption of sewage contaminants through the subsurface 
area. Natural organic matter (NOM) and pH are important environmental 
factors that can greatly affect soil sorption. To date, there are many studies 
documenting the effects of environmental factors on pollutant behavior 
through the soil. However, the impact of pH and NOM on pollutant sorption 
mechanisms remains unverified. For example, previous studies have shown 
different results for the effect of NOM on sorption of EOCs. It has been 
known that NOM may act as a promoter in the mobility of EOCs with water 
and thereby increase the possibility of groundwater pollution. The main 
mechanism can be due to negatively charged of NOM that enable them to 
adsorb to the positively charged surface of clay and thus interfere with 
sorption of other compounds (Kan and Tomson 1990, Kim et al. 2003). On the 
another hand, NOM may also act as an antagonist in mobility of chemical 
compounds by creating binding sites (Arye et al. 2011, Borgman and Chefetz 
2013, Chefetz et al. 2008, Sun et al. 2008). Similar to the chemical 
compounds, the effect of NOM on adsorption of various microorganisms onto 
the soil can be different. For instance, Jin and Flury (2002) reported that NOM 
can compete with viruses for adsorption onto the soil particles or can provide 
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hydrophobic binding sites and increase their adsorption onto the soil. Besides 
NOM, the importance of study on the effect of pH on the adsorption behavior 
of EOCs in the soil has been observed in previous studies (Hari et al. 2005, 
Zhang et al. 2009). It should be noted that the difference between the effect of 
pH on different kinds of EOCs or microorganisms could depend on 
physicochemical characteristics of compounds or microorganism properties 
and soil composition. Therefore, there is no single accepted view on the 
sorption behavior of organic compounds in various pH levels and NOM 
concentrations. Thus, there is a need to find the sorption behavior of selected 
sewage-associated indicators by varying the pH levels and NOM 
concentrations.  
1.3.4 Lack of understanding on effect of primary substrates on the 
transport of sewage-associated indicators 
It is supposed that the presence of primary substrates released from non-point 
or point source of sewage contamination in the subsurface area can affect the 
transport of sewage-associated indicators through the subsurface area. Primary 
substrates can provide the energy and carbon sources for soil microbial 
community and increase their growth/activity. However, there is limited 
information about the effect of primary substrates on the transport of sewage-
associated indicators. Onesios and Bouwer (2012) investigated the effect of 
primary substrates (supplied as acetate) on the biological removal of PPCPs 
through laboratory soil aquifer treatment. They used wastewater treatment 
plant effluent as a source of microorganism for degradation of PPCPs in SAT 
basin. A review of literature revealed that there is a lack of understanding 
about the important effect of indigenous soil microorganisms on the 
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biodegradability of pollutants in the natural system. Moreover, there is no 
clear information on how primary substrate can affect the removal rate of 
emerging organic compounds through the soil. In this present study, it is 
hypothesized that the presence of acetate and ammonium sulfate selected as 
easily biodegradable primary substrates can be used as a food substance for 
microorganisms and, therefore, decrease the degradation of sewage-associated 
indicators. 
1.3.5 Lack of understanding on the effect of water table fluctuation on 
the transport of sewage-associated indicators 
Water table fluctuation is a common phenomenon in the tropical region as 
frequent rainfall causes the level of the water table to increase while high 
temperature and intensive evaporation cause it to decrease. However, there are 
few studies which investigated the effect of water level fluctuation on soil 
biogeochemistry and bacterial growth rates in soil (Iovieno et al. 2008, 
Rezanezhad et al. 2014, Rice et al. 1999). It is noted that there is no study on 
transport characteristics of organic compounds under unstable water level. The 
present study aims to investigate the effect of water content on removal of 
sewage-associated chemical indicators under alternating saturated and 
unsaturated conditions. It is hypothesized in this study that the water level 
fluctuation might enhance the degradation of pollutants by distributing 
nutrients and microorganisms to all the available pores between soil particles. 
In addition, alternating saturated and unsaturated conditions provide enough 
moisture for growth/activity of soil microorganisms that in turn may increase 
the degradation of pollutants.  
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Based on the aforementioned gaps, this study seeks to address the following 
questions: 1) Among chemical (PPCPs and ASs) and microbial (E. coli and 
MS2) sewage-associated indicators selected in this study, which one/ones can 
be considered as suitable sewage indicators; 2) How adsorption and 
biodegradation, the two main transport mechanisms, can affect the transport 
behaviors of selected indicators; 3) How various pH level or concentration of 
NOM and primary substrates (CH3COONa and (NH4)2SO4) can affect their 
transport behaviors; and 4) what are the impacts of water level fluctuation on 
transport behaviors of sewage-associated indicators through soil. A review of 
previous studies indicates that there is no or limited study focusing on these 
four fundamental questions. Thus the importance of this field and the lack of 
knowledge on this topic motivates researchers to do further studies to find a 
rational answer to the mentioned questions.  
1.4 Objectives and research scope 
Selecting suitable sewage microbial and chemical indicators is of great 
importance to understand and track the fecal sewage contamination in surface 
water and groundwater. It is desirable to find rapid, reliable, sensitive and 
specific indicators that can help in detecting the source of pollution and 
evaluating the impact of sewerage leaks on groundwater and surface water 
quality.  To achieve this goal and better understand the pollutant transport in 
the subsurface area, this study aims to assess the suitability of selected 
chemical and microbial contaminants as a sewage associated indicators 
through batch and soil column studies. To obtain the overall objectives of this 
study, several specific objectives are taken into account: (1) Investigate the 
adsorption and biodegradation of chemical and microbial sewage-associated 
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indicators in tropical soil using batch study, (2) Study the effect of 
environmental matrices (pH and NOM) on removal of sewage microbial and 
chemical indicators using batch study, (3) Evaluate transport behavior of the 
selected sewage-associated indicators through soil column, (4) Assess the 
effect of easily biodegradable primary substrates (CH3COONa and 
(NH4)2SO4) on the transport of selected chemical indicators, and (5) Evaluate 
the effect of water table fluctuation due to the rainfall on transport of chemical 
indicators. These objectives are summarized as follows: 
Objective 1:    
 To study the adsorption kinetics and adsorption isotherm of two 
selected microbial (MS2 and E. coli) and eight selected chemicals 
(including five PPCPs and three ASs) sewage-associated indicators 
through batch sorption study. 
 To characterize biodegradation of eight selected sewage-associated 
chemical indicators by indigenous soil microorganisms.   
Objective 2: 
 To examine the effect of pH level and NOM concentration on the 
sorption capacity of selected microbial and chemical sewage-
associated indicators.  
Objective 3: 
 To determine and compare the breakthrough point of all selected 




 To determine and compare the removal rates of all selected chemical 
and microbial indicators in an abiotic soil column. 
 To investigate the biodegradation of chemical indicators by indigenous 
soil microorganisms in a biotic soil column. 
Objective 4: 
 To understand the possible effects of easily biodegradable primary 
substrates (CH3COONa and (NH4)2SO4) on the transport of chemical 
indicators through a biotic soil column.  
Objective 5: 
 To observe the effect of water table fluctuation (alternated saturated 
and unsaturated conditions) on the removal of chemical indicators.  
The results of this study will have a significant impact on providing precise 
information on the transport behavior of selected microbial and chemical 
sewage-associate indicators with different water matrices through 
saturated/unsaturated subsurface area. This study will also offer a clear 
explanation for sorption and biodegradation of chosen sewage-associated 
indicators in soil and help researchers choose the suitable sewage-associated 
indicators based on their transport characteristics. Fate and transport 
characteristics of sewage-associated chemical and microbial indicators may 
help shed light on understanding surface and ground water pollution due to 
sewage leakage. This study will also provide comprehensive information to 
identify effective factors that facilitate the spread of the pollutants and to 
better evaluate their impacts on both groundwater and surface water quality. It 
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is envisaged that the findings of the present study will add to the growing body 
of literature on selection of sewage-associated indicators based on their 
transport behavior data. The scope of this study is summarized in Figure ‎1-1. 
 
  
Figure ‎1-1 Schematic framework of this study 
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1.5 Organization of dissertation 
This thesis is organized into six chapters. Chapter 1 provides a general 
overview of current problems in groundwater contamination and related public 
health diseases. Different sources of groundwater contaminations, mainly 
sewage leaks, are also discussed. Chapter 2 reviews the previous studies on 
sewage leakage problem as well as selected sewage associated indicators. Key 
contributions of past studies are highlighted in this chapter. More importantly, 
knowledge gaps and research needs are also identified. Chapter 3 provides a 
detailed summary on materials, experimental design and the methodology 
adopted in this study. Chapter 4 describes the results obtained from batch 
study; covering four parts, namely (1) sorption kinetics, (2) sorption 
isotherms, (3) effect of environmental factors such as pH and NOM on the 
adsorption behavior of selected sewage-associated indicators, and (4) 
biodegradation of sewage chemical indicators. Chapter 4 also presents the 
results obtained from column study, covering four parts, namely (1) transport 
of selected sewage indicators, (2) biodegradation of chemical indicators by 
indigenous soil microorganisms, (3) effect of easily biodegradable primary 
substrates (CH3COONa and (NH4)2SO4) on transport and biodegradation of 
chemical indicators through soil column, and (4) effect of water table 
fluctuation on transport of chemical indicators through the soil column. 






CHAPTER 2  LITERATURE REVIEW 
 
This chapter provides a survey of relevant literature to demonstrate sewage 
leakage problem and its effects on groundwater and surface water quality. In 
addition to the review of the sewer leak problem, previous studies that have 
attempted to select suitable sewage-associated indicators for eliminating 
sewage contamination of subsurface area are also discussed. Finally, existing 
studies on the effect of pH, NOM, easily biodegradable primary substrates and 
water table fluctuation on the transport behavior of sewage molecular markers 
are presented. 
2.1 Sewage leakage problem 
Microbial and chemical sewage pollution in water bodies may have different 
sources which include direct discharge from human activities, inadequately 
treated human waste, sewer leakages and runoff from animal husbandry 
facilities. Among these sources, leaking sewage from domestic sewage 
pipelines either from cracks in pipes due to the pipe aging, corrosion and 
construction or from the inappropriate pipe junction gain lots of attention in 
the last decades (Tallon et al. 2005, Wolf et al. 2012). The main concern over 
sewage leakage problems is related to the soil and groundwater contamination. 
Moreover, the pollutants from contaminated groundwater could spread to 
nearby surface water that is part of the water supply or that the public has 
access to.  
When sewage pollutants are released from damaged pipes, they migrate 
vertically downward under the force of the gravity and pass unsaturated zone 
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where pores between the soil particles consist of the air and water. In the 
unsaturated zone or aerobic zone, different mechanisms such as 
biodegradation (oxidation) of organic matter, dissimulator nitrate reduction 
and bicarbonate buffering can happen (Eiswirth and Hötzl 1997). Then, they 
continue the movement downward and reach the saturated zone where pores 
between the soil particles consist of the water. In the saturated zone or 
anaerobic zone below the sewer leakage, some processes like anaerobic 
oxidation, fermentation and ammonification can occur. Thus, the sewage from 
the pipe will leak to unsaturated and saturated subsurface area and 
consequently after some attenuation process, they may cause groundwater and 
surface water contamination. Cleaning process for contaminated aquifers is 
extremely costly and may not be technically feasible in some instances and 
cannot solve the problem completely (Repert et al. 2006). Rutsch et al. (2008) 
found that the overall environmental problems caused by leaking of sewage 
are insignificant due to the small amount of leakage, high die-off rates and the 
adsorption of pollutants. However, they also mentioned that sewer exfiltration 
was a major source of groundwater contamination and its impact varied 
significantly with time and space. Therefore, pollution control is needed 
before the contaminants reach the groundwater and nearby surface water. 
 Previous studies tried to determine some suitable sewage-associated 
indicators to detect the sewage-related contamination in water bodies. A 
review of previous studies that selected sewage-associated indicators for 
tracking sewage contamination in groundwater and surface water is presented 
in the following section. 
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2.2 Sewage-associated indicators 
Numerous efforts have been made to detect and evaluate impacts of 
wastewater contamination in groundwater using sewage-associated indicators 
(Gasser et al. 2011, Gasser et al. 2010, Kuroda et al. 2012, Osenbrück et al. 
2007, Scheurer et al. 2011, Tran et al. 2014a, Tran et al. 2014b). The tracking 
of these sewage-associated indicators will enable us to know the presence of 
any possible sewage pollution in groundwater and surface water. To 
understand the impact of sewage leakage on ground and surface water and also 
fate and transport of pollutants, suitable indicators need to be selected and 
monitored. Sewage-associated indicators can be divided into two broad 
categories, namely microbial and chemical sewage-associated indicators. 
Microbial indicators are useful, especially in the subjects that are related to the 
human health issues (Nicholas J. Ashbolt et al. 2001). However, microbial 
indicators have some limitation such as requiring a long time for analyzing the 
culture tests, and also they are difficult to discriminate between human and 
animal fecal material sources. These kinds of limitations cause the necessity of 
using chemical indicators besides microbial indicators. Some advantages of 
chemical indicators are they need shorter analysis time than microbial culture 
tests, and also they can be selected for human source specificity (Glassmeyer 
et al. 2005). Bishop et al. (1998) indicated potential sewer–related 
groundwater pollutants as follows: 
 Bacteria from domestic sewage (usually measures as E. coli or fecal 
coliforms) 
 Viruses from domestic sewage 
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 Inorganic nitrogen species (ammonia and nitrate) 
 Inorganic ions such as chloride, potassium, and sulfate 
 Organic compound such as PPCPs and ASs 
 Boron and phosphate from detergents  
Previous studies examined different sewer related pollutants to determine their 
capabilities as a sewage-associated marker. The reviews of studies on 
microbial and chemical sewage-associated indicators are presented in the 
following sections. Also, a brief review of the criteria for selection of suitable 
sewage-associated chemical and microbial indicators is also presented in 
details. 
2.2.1 Sewage-associated microbial indicators 
The ability of microorganisms to migrate through soil increases the probability 
of water contamination. Especially, if the microorganisms have the ability to 
survive for a long period, the chance of water contamination will increase. 
Transport of microorganisms through the soil is depending on the type of 
microorganisms and porous media (Abu-Ashour et al. 1994). The number of 
different types of pathogens (microorganisms that can cause diseases) as a 
result of pollution with human and animal feces is huge and testing water 
sample for each of them is not possible. Thus, it is necessary to select some 
specific indicators which have entered the water at the same time as feces and 
can indicate the presence of other microorganisms in the water sample. Tyagi 




 It should be present in the intestinal microflora of warm-blooded 
animals, 
 It should exist in a higher number than the pathogen, 
 It should be absent in the clean water and present when pathogens are 
present, 
 It should have higher or equal resistant as the pathogen to the 
disinfectant and environmental factors in water and wastewater plants, 
 It should not reproduce in the environment, 
 It should have a rapid, easy and inexpensive method for detection, 
 It should be non-pathogenic. 
The most important health risk associated with sewer leakage is fecal bacteria 
contamination (Robert et al. 2000). Three commonly used bacterial indicators 
are thermo-tolerant coliforms, E. coli, and Enterococci. Thermo-tolerant 
coliforms are the most widely used microbial indicators to detect the extent of 
fecal contamination in different water bodies (Cronin. et al. 2006). They are 
also called fecal coliforms and are a subset of the total coliform group that is 
of fecal origin. Fecal coliforms, E. coli, and enterococci are all facultative 
anaerobes and can survive under both aerobic and anaerobic conditions. The 
implementation of coliforms as microbial indicators is because coliforms are 
present in high numbers in the feces of human and other warm-blooded 
animals. The presence of coliform in water samples is not considered as health 
risk, but indicates that the fecal pollution and pathogens might be present 
(Melita et al. 2003). Although they are commonly used, some authors have 
questioned their effectiveness as fecal indicators in the subsurface area since 
the absence of coliforms does not mean the absence of fecal contamination in 
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water and they are not a reliable indicator for viruses and parasites (Gleeson 
1997).  
The majority of thermotolerant coliforms are E. coli and its existence normally 
indicates fecal contamination. A selection of E. coli as bacteria indicators in 
previous studies is based on some important criteria. First, E. coli can indicate 
the presence of fecal contamination. Second, in comparison to other bacteria, 
E. coli is less difficult, less expensive and less time consuming to monitor. 
Simple and inexpensive techniques encourage a higher number of samples to 
be tested, giving a better overall picture of microbial transport and, therefore, 
better protection of public health. Third, E. coli is identified as the only 
species in the coliform group found exclusively in the intestinal tract of 
humans and other warm-blooded animals and subsequently excreted in large 
numbers in feces (approximately 10
9
 per gram), thus making detection 
possible even when highly diluted (WHO and OECD 2003). Fourth, E. coli 
does not usually multiply in the environment and has a life span on the same 
order of magnitude as those of other enteric bacterial pathogens. Furthermore, 
E. coli has the capability of traveling long distance underground, allowing it to 
be a useful indicator of fecal contamination of groundwater (Foppen and 
Schijven 2006).  
Another used indicator is Enterococcus group. They belong to the group of 
fecal streptococci. Enterococci have some advantages over total coliform and 
even E. coli to be considered as a microbial indicator. These advantages 
include, (i) they do not grow in the environment (WHO 1993), and (ii) they 
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can survive in the environment for a longer time (McFeters et al. 1974). Both 
Enterococci and E. coli are approved indicators for freshwater (USEPA 2003).  
Depending on conventional bacterial indicators like fecal coliform and 
enterococci might give the false public information because these two 
indicators are not human specific and have also been found in direct 
discharges due to human activities. Moreover, since fecal coliform has high 
growth rate, its high concentration in the environment may not truly indicate 
the continual existence of the leakage. Ahmed et al. (2008) reported that the 
sole presence of fecal indicator bacteria did not provide enough information 
about the sources of pollution. Therefore, selection of viral indicators beside 
bacterial indicators is recommended. 
Contamination of soil and water by protozoa, viruses, and other 
microorganisms is a big concern related to the sewer leakage (Robert et al. 
2000). Since it has become clear that the presence of bacteria in water bodies 
does not necessarily indicate the existence of viruses, it has been of increasing 
interest to assess the degree of viral pollution. Compared with bacteria, viruses 
are more dangerous to human beings due to their much lower decay rate that 
enable them to be active in the environment for a longer period and their much 
smaller size facilitates their transportation (Collins et al. 2006). Sinton et al. 
(2010) found phages showed higher transport velocities than bacteria. Thus, it 
is needed to select viral indicators as well to get more reliable data from 
microbial sewage indicators. 
Viral indicators are crucial indicators for monitoring the microbial quality of 
different water bodies. However, choosing the appropriate viral indicators as 
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sewage indicator is a big challenge. Based on some literature, it was observed 
that not all viral markers were useful in all areas and also certain viruses 
exhibited distinct seasonal and geographical distribution (Charles Hagedron 
2011, Fong and Lipp 2005).  
There are more than 100 enteric viruses released into the environment through 
the urogenital or gastrointestinal tract, so they are present in domestic sewage. 
All of these viruses seem to be waterborne, and they can cause diseases. All 
Enteric viruses are from picornavirus family. Enteric viruses include 
reoviruses, adenoviruses, enteroviruses, rotaviruses, Norwalk and other 
related gastrointestinal group (Shors 2013). Viruses are used as a specific 
sewage indicator since they require a host cell to multiply and therefore they 
will not propagate outside of their natural host (hangedron et al. 2011). Virus 
survival in the soil, river and groundwater appears to depend on the type of 
virus, water, soil, temperature and time (Gerba 2007). The main disadvantage 
of the viral indicator is their sampling and analysis that is usually very time- 
and labor-intensive (Cronin. et al. 2006). Moreover, the detection has 
traditionally involved the use of cell culture techniques that may be beyond the 
capabilities of most laboratories (Berg 1984). Therefore, besides the selection 
of bacterial/viral indicators, the potential of sewage-associated chemical 
compounds as sewage-associated markers were also investigated by previous 
studies. The recommended sewage-associated microbial indicators by previous 





Table ‎2-1 Possible sewage-associated microbial indicators 
Fecal indicators References 
Bacterial indicators 
Thermotolerant coliforms (Bitton 2005, Nicholas J. Ashbolt et al. 
2001, Tallon et al. 2005, Tyagi et al. 
2007) 
Escherichia coli (E. coli) (Glassmeyer 2005, Keswick 1982, 
Nicholas J. Ashbolt et al. 2001, Tallon et 
al. 2005, Tyagi et al. 2007)  
Fecal streptococci (FS) (Bitton 2005, Cornax et al. 1991, Cronin. 
et al. 2006) 
Enterococci (Glassmeyer 2005, Nicholas J. Ashbolt et 
al. 2001) 
Sulfite reducing clostridia (SRC) (Nicholas J. Ashbolt et al. 2001) 
Clostridium perfringens (Bitton 2005, Nicholas J. Ashbolt et al. 
2001) 
Bifidobacteria (Bitton 2005, Nicholas J. Ashbolt et al. 
2001) 
Bacteroides spp. (Bitton 2005) 
Viral indicators 
Somatic coliphage (Bitton 2005, Nicholas J. Ashbolt et al. 
2001, Tyagi et al. 2007) 
Male-specific (MS2) (Gordon and Toze 2003, Tyagi et al. 
2007, Yates et al. 1985) 
F+ coliphage (Bitton 2005) 
Phages infecting Bacteroides fragilis (Bitton 2005, Nicholas J. Ashbolt et al. 
2001) 
Bacteriophages (Nicholas J. Ashbolt et al. 2001) 
In the next section, review on the criteria for selection of suitable sewage-
associated chemical indicators in sewage-contaminated water is provided. 
Moreover, possible sewage-associated chemical indicators recommended by 
previous studies are presented too. 
2.2.2 Sewage-associated chemical indicators 
To investigate contamination of surface waters and especially groundwater by 
sewer leakage, selection of hydrophilic and persistent chemical markers is 
necessary. Ideally, chemical markers are not significantly retained or degraded 
in WWTPs, in surface waters, during infiltration and in groundwater. 
Numerous chemical indicators have been suggested in the recent literature. An 
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ideal marker should allow the clear recognition of the source and the 
quantification of the magnitude of pollution (Eganhouse 1997). Various 
studies have proposed and rejected different sewage-associated chemical 
indicators. The recommended sewage-associated chemical indicators are 
mostly categorized into the four main categories, namely pharmaceutical and 
personal care products (PPCPs), artificial sweeteners (ASs), fluorescent 
whitening agents (FWAs) and fecal sterols (FSs). 
To trace pollution caused by domestic wastewater, constituents such as human 
metabolites of PPCPs and household chemicals may be suitable candidates. 
However, if trace organic chemicals do not occur at concentrations 
significantly above their detection limits and at high detection frequencies, 
they may not be a good indicator candidate for monitoring efforts. A useful 
marker is one that can be used to quantify changes in concentration that occur 
in receiving waters (Dickenson et al. 2011). However, it is difficult to detect 
the loss of compounds if it is initially present at a concentration near to the 
detection limit. Thus, it is necessary to consider the concentration of a 
compound relative to the limit of quantification (LOQ) (Eq.1). The basic 
criteria for selecting chemical markers are based on the detection ratio (DR) 
and detection frequencies (DF) (Dickenson et al. 2011). 
LOQ
tion][Concentra
DR          Eq. 1                                    
DR‎≥‎5‎is‎usually‎used‎to‎identify‎potential‎chemical‎markers‎since‎this‎ratio‎
allows attenuation of evaluation of a particular compound in excess of 80%. 
Along with the DR, DF should also be taken into consideration in selecting a 
potential chemical marker. DF indicates how frequently selected indicator can 
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be detected in contaminated water, and it is required to be greater than 80% 
(Dickenson et al. 2011, Sedlak et al. 2005).  
Besides DR and DF as basic criteria for selection of sewage-associated 
chemical indicators, some other parameters related to physicochemical 
properties also need to be considered. First, chemical indicators should have a 
relatively high half-life (t1/2), so they degrade with a very low speed. The half-
life of compounds is related to their physicochemical properties and also the 
environment. Second, suitable sewage-associated chemical indicators in 
groundwater and surface water are to be anthropogenic compounds 
(Dickenson et al. 2011). The third property in the selection of potential 
sewage-associated chemical markers is the hydrophilic property of the 
compound. Hydrophilic property determines the bioavailability of a compound 
in aquatic environments and it is involved in the fate of pollutants through 
sorption or biodegradation processes (Aga et al. 2009, Cirja et al. 2008, 
Heberer 2002b). Compounds with a low octanol-water partitioning coefficient 
(log Kow < 4.0) are usually used to narrow down the list of tracers in sewage in 
the selection of suitable markers. Besides physicochemical properties of 
chemical compounds, some other important criteria include human 
consumption and also the data on their elimination during WWTPs and 
aquatic environment also need to be considered. 
Two main groups of chemical indicators frequently considered as sewage 
chemical indicators are PPCPs and ASs. PPCPs such as acetaminophen, 
bisphenol-A, caffeine, carbamazepine, crotamiton, diclofenac, 
diethyltoluamide, gemfibrozil, ibuprofen, naproxen, as well as salicylic acid 
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(Bitton 2005, Kuroda et al. 2009, Nakada et al. 2008, Seiler et al. 1999, Wu et 
al. 2010) and ASs such as acesulfame, saccharine and sucralose are commonly 
considered as sewage chemical indicators  (Tran et al. 2014a, Van Stempvoort 
et al. 2011). 
For example, Bitton (2005) declared that caffeine could be a suitable chemical 
indicator of sewage contamination. Caffeine is a major component in the 
variety of beverages like coffee, tea, soft drink and also many food product 
like chocolate, pastries and dairy desserts (Buerge et al. 2003). The global 
average consumption of caffeine per person per day is about 70 mg, but it 
varies in different countries and also in different seasons (Buerge et al. 2003). 
Caffeine typically occurs in sewage at a concentration of 20 - 300 µg/l (Young 
et al. 2008) and it has the potential to be used as conservative or semi-
conservative indicator of sewage effluents. It has unique properties that can 
persist for a long time after being released into the environment and can also 
be detected at an extremely low concentration (McConaghie 2006). Wu et al. 
(2010) investigated the feasibility of caffeine and other five selected PPCPs 
including ketoprofen, diclofenac, naproxen, ibuprofen and gemfibrozil as 
sewage contamination indicators in surface waters, Singapore. Ketoprofen, 
diclofenac, naproxen and ibuprofen are high consumption anti-inflammatory 
medicines by human. Gemfibrozil is also a human drug which is used for 
reducing triglycerides and cholesterol in the blood. Wu et al. (2010) indicated 
clear anthropogenic origin of caffeine and also its easy detection compared 
with other five selected PPCPs, making it as a good indicator. Moreover, the 
occurrence of caffeine in surface water has a correlation with the presence and 
abundance of various microbial contaminants (Peeler et al. 2006, Wu et al. 
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2010). Carbamazepine is also one of the PPCPs that has been proposed as 
sewage-associated chemical indicators in recent studies (Kuroda et al. 2009, 
Rieckermann et al. 2007, Rutsch et al. 2008). Carbamazepine has been used in 
the treatments of epilepsy, manic depressive and trigeminal neuralgia (Fenz et 
al. 2005). Some specific characteristics of carbamazepine such as low 
biodegradability and anthropogenic source make it suitable as a sewage 
indicator. Besides carbamazepine, crotamiton is also suggested as a good 
sewage indicators. Crotamiton is antipruritic drug used for treating scabies 
(skin infection). Kuroda et al. (2012) indicated that carbamazepine and 
crotamiton can consider as a sewage indicator since they can be detected 
frequently in groundwater samples. Diethyltoluamide is a key ingredient in 
insect repellents developed in 1946 (Weeks et al. 2012). The physicochemical 
properties of diethyltoluamide such as high water solubility and low 
volatilization indicate its a high possibility of being a suitable sewage 
indicator. ASs are low-calorie sweeteners in food, beverages and other 
products. Tran et al. (2014a) indicated the presence of acesulfame, saccharine 
and cyclamate in the surface water and groundwater samples and therefore, 
suggested these three ASs as suitable sewage indicators.  
There are some concerns for selecting the best chemical indicator. For 
example, the good chemical indicators should represent a specific source of 
pollution, little degradation in the environmental condition and can be detected 
in low concentration. Various studies have selected PPCPS as chemical 
indicators, but till now there is no clear choice being identified as the best 
chemical indicators (Aga et al. 2009, Andreozzi et al. 2003, Caliman and 
Gavrilescu 2009, Henschel et al. 1997). Therefore, besides PPCPs, ASs are 
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also selected as sewage-associated chemical indicators. Acesulfame is not 
easily degraded in environment and wastewater treatment plants.  
ASs are consumed in considerable quantities with low-calories beverage and 
food (Kroger et al. 2006). They have low log Kow (log Kow < 1) which made 
them quite mobile and persistent in the subsurface and therefore has been 
found in surface water and groundwater (Aga et al. 2009). Moreover, some of 
the ASs such as acesulfame and sucralose are not or slightly degraded in 
WWTPs (Buerge et al. 2009) and they can be found  in municipal effluent at 
concentrations up to the ppb level (Scheurer et al. 2009). Owing to widespread 
usage of ASs and their occurrence in surface water and groundwater, they 
have been suggested as ideal sewage chemical indicators (Buerge et al. 2009, 
Oppenheimer et al. 2011). The recommended sewage-associated chemical 




Table ‎2-2 Possible sewage-associated chemical indicators 
Chemical indicators References 
1,4-dichlorobenzene (Glassmeyer 2005) 
1,7-dimethylxanthine (Glassmeyer 2005) 
3,4-dichlorophenyl isocyanate (Glassmeyer 2005) 
4-nonylphenol diethoxylate (Glassmeyer 2005) 
4-octylphenol monoethoxylate (Glassmeyer 2005) 
5-methyl-1H-benzotriazle (Glassmeyer 2005) 
Acesulfame (Buerge et al. 2009, Tran et al. 2014a, Van 
Stempvoort et al. 2011) 
Acetaminophen (Glassmeyer 2005, Tran et al. 2014b) 
Benzophenone (Glassmeyer 2005) 
Bisphenol A (Glassmeyer 2005, Lv et al. 2014) 
Caffeine (Glassmeyer 2005, Lv et al. 2014, Potera 
2012, Sankararamakrishnan and Guo 2005, 
Seiler et al. 1999, Wu et al. 2010) 
Carbamazepine (Glassmeyer 2005, Kahle et al. 2009, 
Kuroda et al. 2012, Nakada et al. 2008, 
Tran et al. 2014b) 
Cholesterol (Glassmeyer 2005) 
Codeine (Glassmeyer 2005) 
Coprostanol (Glassmeyer 2005) 
Cotinine (Glassmeyer 2005) 
Crotamiton (Kuroda et al. 2012, Nakada et al. 2008) 
Cyclamate (Tran et al. 2014a, Van Stempvoort et al. 
2011) 
Dehydronifedipine (Glassmeyer 2005) 
Diazinon (Glassmeyer 2005) 
Diltiazem (Glassmeyer 2005) 
Diphenhydramine (Glassmeyer 2005) 
Dislofenac acid (Lv et al. 2014) 
Ethanol,2-butoxy,phosphate (Glassmeyer 2005) 
Etyl citrate (Glassmeyer 2005) 
fluorescence whitening agent (FWA) (Sankararamakrishnan and Guo 2005) 
fluoride (Sankararamakrishnan and Guo 2005) 
Galaxolide (Glassmeyer 2005) 
Ketoprofen (Lv et al. 2014) 
Mefenamic acid (Nakada et al. 2008) 
N,N-diethyl-m-tolumide (DEET) (Glassmeyer 2005) 
Pentachlorophenol (Glassmeyer 2005) 
Phenol (Glassmeyer 2005) 
Primidone (Kahle et al. 2009) 




Chemical indicators References 
Salicylic acid (Tran et al. 2014b) 
Sitosterol (Glassmeyer 2005) 
Sulfamethoxazole (Glassmeyer 2005) 
Sucralose (Oppenheimer et al. 2011) 
Tri(2-chlorisopropyl)phosphate (Glassmeyer 2005) 
Tri(dichlorisoprophyl)phosphate (Glassmeyer 2005) 
Triclosan (Glassmeyer 2005, Lv et al. 2014) 
Triclocarbon (Lv et al. 2014) 
Trimethoprim (Glassmeyer 2005) 
Triphenyl phosphate (Glassmeyer 2005) 
2.3 Transport of sewage-associated contaminants through soil  
Various experiments have been conducted to study the different properties or 
factors that affect the transport process of microbial/chemical contaminants 
through the subsurface area. Transport of sewage contaminants through the 
subsurface area once they are released from damaged pipes, will be affected 
by various natural attenuation mechanisms. These mechanisms include 
phototransformation, biodegradation, bioaccumulation, hydrolysis, redox 
reaction, and sorption. Besides natural attenuation processes, some other 
factors including the concentration of the pollutants in the sewage, 
physical/chemical and biological characteristics of substrates in the sewage 
(which define attenuation potential) and the difference in hydraulic head 
between the groundwater table and sewage surface can also affect the 
transport of pollutants in sewage that leaks from cracks of pipes. When 
pollutants from sewage reach ground water or surface water, they will either 
become suspended in water or get deposited on the bed of the water body. It 
remains very challenging to estimate accurately sewage leakage and to fully 
understand its migration in the subsurface. The suitability of sewage indicators 
based on their transport behavior through the subsurface area till they reach 
groundwater needs to be determined. 
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The fate and transport of microbial/chemical indicators can be influenced by a 
number of processes, such as soil properties, groundwater characteristics and 
microbial/chemical adsorption as well as desorption rates (Aquatic 
Ecosystems Analysis Laboratory 2009, Banks et al. 2003). Soil column studies 
have been provided valuable information on transport characteristics of 
pollutants through soils. Many studies have investigated the transport 
mechanisms of sewage chemical and microbial indicators through the soil 
column. For example, Siemens et al. (2010) investigated transport of some 
PPCPs found normally in sewage such as naproxen, ibuprofen, bezafibrate, 
diclofenac, gemfibrozil, clarithromycin, trimethoprim, clindamycin, 
erythromycin and metoprolol using soil column experiments. Their 
experiment showed the rapid transport of naproxen, ibuprofen and bezafibrate 
through the soil column due to limited retention capacity. Moreover, transport 
and sorption of pollutants can be affected by input concentration of pollutant 
and the discharge rate. For example, Wehrhan et al. (2007) worked on 
transportation of sulfadiazine (SDZ) as antibiotic compound through soil 
column experiment. Different concentrations of SDZ for either short or long 
pulse duration through the saturated soil column were investigated. Their 
results showed that transport of SDZ depended on the input concentration and 
the pulse duration. This study indicated frequently applied SDZ or injected at 
high concentration into the column could enhance SDZ transport.  
The fate process should be considered during the evaluation of contaminant 
transport to predict accurately the behavior of contaminant in the subsurface 
area. Thus, distribution and concentration of contaminants in subsurface 
systems are influenced by the interaction between the contaminants and the 
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physical, chemical and biological components of the subsurface that are 
known as fate process. Among all transport mechanisms, sorption and 
biodegradation are considered as the main mechanisms through transport of 
pollutants in the subsurface area (Karnjanapiboonwong et al. 2010, Nakada et 
al. 2010). The following sections describe these two main mechanisms 
separately. 
2.3.1 Sorption of sewage-associated contaminants 
Several chemical reaction mechanisms named abiotic transformation have an 
impact on the fate of contaminants in the subsurface area. These reactions are 
hydrolysis, oxidation-reduction, sorption, and volatilization. Among these 
abiotic reactions, sorption is one of the most important processes affecting the 
transport of contaminants in the subsurface. By sorption, contaminants 
accumulate on the solid stationary phase (soil). Adsorption can be classified 
into three primary categories according to the type of attractive forces, namely 
physical, electrostatic and chemical adsorption (Weber et al. 1991). Various 
experiments have been conducted over the years to study the different 
properties or factors that affect sorption processes. Some factors are partition 
coefficient (Kd), octanol-water partition coefficient (Kow), and organic matter 
partition coefficient (Koc).  
Batch sorption study is a usual experimental method to investigate the sorption 
behavior of the chemical/microbial compounds into the solid phase. The 
following sections present the studies on the sorption behavior of sewage 
chemical and microbial indicators into the soil. 
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2.3.1.1 Sorption of sewage-associated microbial indicators 
The survival and transport of microorganisms in the subsurface layer largely 
depend on the type of microorganisms, the properties of the soil and the 
climate of the environment. The two most important processes for microbial 
pollutants are sorption and inactivation (Bales et al. 1991, Yates et al. 1988, 
Yates et al. 1987).  
Sorption is an important process influencing the transport of the pollutants 
through the subsurface layer (Banks et al. 2003). Sorption processes mainly 
describe the phenomena that can affect the distribution of pollutants between 
and among the constituent phases and interfaces in the subsurface 
environment, and they are explained in detail by Weber et al. (1991).  
Sorption of bacteria can be explained using the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, where sorption is controlled by a balance between 
the van der waals attractive energies and the electrical double layer repulsion 
energies (Geesey et al. 2000). The existence of the electrical double layer is 
due to the pre-dominance of negatively charged molecules on the bacterial cell 
surface and the negative charge on the soil surfaces (Geesey et al. 2000). 
Summary of the factors affecting bacterial survival and transport are 





Table ‎2-3 Factors influencing the bacterial fate in the subsurface (Yates et al. 
1988) 
Factors Influence on survival Influence on migration 












Greater survival time in moist 




increases under saturated 
flow conditions 
pH Increased survival time in 
alkaline soils (pH > 5) than in 
acid soils 
 
Low pH enhances 
bacterial retention 
Salt species and 
concentration 
 Increasing the 
concentration of ionic 




Soil properties  Greater bacterial 
migration in coarse-
textured soils; bacteria are 
retained by the clay 
fraction of soil 
 
Bacterium type Different bacteria vary in 
their susceptibility to 
inactivation by physical, 
chemical, and biological 
factors 
Filtration and adsorption 
are affected by the 
physical and chemical 
characteristics of the 
bacterium 
 
Organic matter Increased survival/regrowth 
when sufficient amounts of 
organic matter are present 





 Generally bacterial 
migration increases with 
increasing hydraulic loads 





Transport of viruses also depends on the degree of adsorption into the soil. 
Abu-Ashour et al. (1994), reported that adsorption process is the primary 
removal mechanism for viruses due to their small size. Therefore, 
understanding the adsorption of viruses onto the soil is necessary to control 
groundwater contamination. Adsorption of viruses onto the soil particles 
depends on environmental factors such as temperature, moisture content, pH, 
cation exchange capacity (CEC), etc. (Hassanizadeh and Schijven 2000).  
The effects of environmental factors on viral sorption have been investigated 
by previous studies. For example, moisture content is considered as an 
important environmental factor since adsorption rates of viruses to the soil are 
different in saturated and unsaturated condition. Jin and Flury (2002) studied 
the role of unsaturated flow conditions in virus sorption and inactivation 
during transport through the sand column. They studied on two bacteriophages 
including‎MS2‎and‎φx174.‎The‎results‎showed that in comparison to saturated 
condition,‎ removal‎ of‎ both‎ MS2‎ and‎ φx174‎ increased‎ significantly‎ under‎
unsaturated flow condition. However, the mechanism responsible for 
removing the two viruses seemed to be different. In other words, increased 
removal‎ of‎ φx174‎ under‎ unsaturated‎ condition‎ appeared‎ to be attributed to 
sorption whereas the increased removal of MS2 was due to inactivation. The 
difference in virus removal and transport behavior between saturated and 
unsaturated conditions was likely caused by additional sorption at the solid 
surfaces and the presence of the air-water interface (AWI) in an unsaturated 
system. MS2 is extremely sensitive to the air-water interface, and it can easily 
be inactivated.  
 45 
 
The composition and the amount of organic material in solution and soil also 
play an important role in virus attachment to soil particles. Schijven et al. 
(2002) studied the nonlinear removal of bacteriophages by passage through 
saturated dune sand. They demonstrated that the removal rates of all three 
bacteriophages‎(MS2,‎PRD1,‎and‎φX174)‎were‎positively‎correlated‎with‎the‎
organic carbon content in soil and to a lesser extent with Fe-oxalate and silt 
content.  
Types of the virus and effluent affect virus removal/adsorption in the soil. For 
example, Powelson and Gerba (1994) performed column and batch studies to 
investigate the effect of virus type, effluent type and water saturation on virus 
removal and adsorption. Virus types studied in this experiment included MS2, 
PRD1 bacteriophage, poliovirus and effluent type included secondary and 
tertiary-treated sewage. Their results showed that MS2 with Kd = 3.7 ml g
-1
 
was the least and poliovirus with Kd= 16 ml g
-1
 was the most retarded. In 
addition, it was reported that effluent type had no effect on virus transport. In 
their study, it was also observed that unsaturated flow removed viruses three 
times more than saturated flow. Yates et al. (1985) noted that viruses survived 
longer at lower temperatures. Previously, it has been found that the incubation 
temperature is significantly correlated with the decay rates of MS2. Results in 
other studies also concluded that inactivation rates of MS2 increased when the 
temperature was increased (Anders and Chrysikopoulos 2006, Straub et al. 
1992). Soil properties also influence the adsorption of viruses onto the soil. 
Several studies reported that pH and soil surface characteristics had a 
significant effect on the adsorption of viruses such as MS2 into the soil (Bales 
et al. 1991, Bales et al. 1993).  
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Table ‎2-4 showed the summary of all factors influencing the fate of viruses in 
the subsurface area. 
Table ‎2-4 Factors influencing the viral fate in the subsurface (Jin and Flury 
2002, Yates et al. 1988) 
Factors Influence on survival Influence on migration 
Temperature Viruses persist for longer 
time in low temperature  
Higher temperature tends 
to increase adsorption of 
virus to the soil 
Microbial activity Some viruses are 
inactivated more readily 
in the presence of certain 
microorganism  
Unknown 
Moisture content Most viruses survive 
longer in moist soils and 
even longer under 
saturated conditions. 
Unsaturated soil may 
inactivate viruses at the 
air-water interface 
Virus migration usually 
increases under saturated 
flow conditions as 
compared to unsaturated 
conditions; 
pH Most enteric viruses are 
stable over a pH range of 
3-9; however, survival 
may be prolonged at near 
natural pH values 
 
Low pH typically 
increases virus sorption to 




Salt species and 
concentration 
Certain cations may 
prolong survival 
depending upon the type 
of virus   
Greater mobility, 
increasing the ionic 
strength of the 
surrounding medium will 
increase attachment to the 
soil thus decrease 
mobility 
Soil properties Effects on survival are 
probably related to the 
degree of virus sorption 
either prolonged or 
shortened depending on 
the properties of soil 
particles 
Greater migration in 
coarse texture soils 
Virus type Different virus types vary 
in their susceptibility to 
inactivation by physical, 
chemical and biological 
factors 
Virus sorption to soil is 
related to 
physicochemical 
differences in capsid 




Factors Influence on survival Influence on migration 
Organic matter Organic matter may 
prolong survival by 
competitively binding to 
air-water interfaces where 
inactivation can occur; 
organic matter may also 
retard viral infectivity 
Soluble organic matter 
competes with viruses for 
adsorption on soil 
particles that may result in 
increased virus migration: 
bonded organic matter 
may provide hydrophobic 
binding sites for viruses 




The air - water interface 
may inactivate 
hydrophobic viruses 
Virus migration increase 
at higher flow rates  
Similar to microbial indicators, sorption is also the main abiotic mechanism 
that influences on the transport of sewage-associated chemical indicators 
through the subsurface area.  
2.3.1.2 Sorption of sewage-associated chemical indicators   
Adsorption is an important mechanism that determines the fate and transport 
of organic chemical compounds in the soil (Drillia et al. 2005, Hari et al. 2005, 
Pignatello and Xing 1995). Adsorption of chemical compounds onto soil are 
greatly influenced by soil properties such as organic matter content, quantity 
and type of clay content, ion exchange capacity and pH (Drillia et al. 2005, 
Hari et al. 2005). Furthermore, the physicochemical properties of the chemical 
pollutants, which include water solubility and octanol-water partition 
coefficient (Kow) are also determining factors on the extent of adsorption 
(Drillia et al. 2005).  
Various batch adsorption studies have been carried out to understand the 
adsorption of chemical compounds such as PPCPs onto porous media. Jodeh 
(2012) investigated the adsorption isotherms of three PPCPs including 
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ibuprofen, amoxicillin, and caffeine. The R
2
 values for Freundlich isotherm 
were shown to be closer to 1 as compared to Langmuir isotherms. Hence, it 
was concluded that the adsorption of the PPCPs followed the Freundlich 
isotherm model. Among the three tested PPCPs, caffeine was shown to be 
most strongly adsorbed to the soil.  
Another study was done by Xu et al. (2009) on adsorption of six PPCPs 
(clofibric acid, ibuprofen, naproxen, triclosan, diclofenac and bisphenol A) 
onto four types of agricultural soils (Hanforn loamy sand, Arlington sandy 
loam, Imperial silty clay and Palouse silt loam). This study showed that the 
adsorption equilibrium was achieved after 24 h, and they were well described 
using the Freundlich model with high correlation (0.8 < R
2 
< 0.99).  
Besides the effect of sorption as an abiotic mechanism, biodegradation as a 
biotic mechanism also plays an important role in the transport of chemical 
indicators through the subsurface area. The following literature reviews 
summarize those studies that investigated the effects of biodegradation on the 
removal of chemical compounds. Investigating the biodegradation of selected 
sewage chemical indicators could help improve our understanding about 
removal rate of these compounds during their transport through the subsurface 
area and consequently lead to a better decision about suitability of sewage-
associated indicators based on their transport behavior. 
2.3.2 Biodegradation of sewage-associated chemical indicators 
Biodegradation is an important mechanism that affects the environmental fate 
and transport of sewage chemical compounds in the subsurface area. 
Biodegradation is the ability of indigenous soil microorganisms to produce 
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enzymes and transform the sewage-associated organic compounds into the 
intermediate compounds or mineralize them to methane, carbon dioxide and 
water (Bedient et al. 1999). Biodegradation usually occurs when compounds 
of larger molecular weight are reduced to smaller compounds with lower 
complexity by metabolism/co-metabolism of microorganisms (Suárez et al. 
2008). Many studies on the biodegradability of chemical compounds, specially 
PPCPs and ASs during the treatment process have been performed (Kolpin et 
al. 2002). Unfortunately, incomplete removal of PPCPs and ASs by WWTPs 
were reported and that it may cause pollution in receiving water after 
discharge into the environment (Heberer 2002a, Lester et al. 2005, Ternes et 
al. 2004). Many studies have reported the presence of PPCPs and ASs in 
surface water and groundwater (Daughton and Ternes 1999, Heberer 2002a). 
Thus, it is necessary to acquire knowledge on the biodegradability of chemical 
compounds after being released into the subsurface area (soil). Since the 
concentration of organic sewage compounds in domestic sewage usually occur 
at ppb levels, it is unlikely that these compounds have a toxic effect on soil 
microorganisms unless they are injected for a long period. Therefore, it may 
be possible that indigenous soil microorganisms biodegrade the EOCs through 
their transport in the subsurface area. 
Few studies have investigated the biodegradability of organic compounds by 
indigenous soil microorganisms. The biodegradability of organic compounds 
can be different under unsaturated zone (aerobic condition) and saturated zone 
(anaerobic condition). Studies on the biodegradability of organic compounds 
have been done by collecting environmental samples such as soil, sediment, 
lake water, etc. through laboratory batch study (Shibata et al. 2006, Winkler et 
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al. 2001, Yuan et al. 2004). Biodegradation of organic compounds can be 
affected by environmental factors such as temperature, oxygen availability, 
amount of carbon sources, intensity of UV light, heavy metals and etc. (Chang 
et al. 2004, Manzano et al. 1999, Yuan et al. 2004). For example, biological 
activity will increase with increasing temperature and oxygen in the 
environment (Manzano et al. 1999). On the other side, the availability of 
alternative carbon source, high intensity of UV light and presence of heavy 
metal inhibit the biodegradability of organic compounds (Chang et al. 2004, 
Yuan et al. 2004). The effect of easily biodegradable primary substrates as a 
carbon source on biodegradation of organic compounds will be discussed in 
the next section. 
2.4 Effects of easily biodegradable primary substrates on transport of 
chemical indicators 
Organic compounds can have major effects on soil microbial community 
either promoting or inhibiting their growth/activity. For example, introducing 
some of the organic compounds such as pesticide, herbicides, and bactericide 
from farmlands into the soil can cause changes in soil fertility, N2 fixing and 
ecological balance of the soil. Sewage also contains various organic 
compounds that can make a change in indigenous soil microorganisms when 
they are released into the subsurface area. Siemens et al. (2010) observed that 
after introducing PPCPs to the soil column, the elevated soil respiration 
showed stress or rapid die-off and mineralization of soil microorganisms. The 
reason could be attributed to the toxic effect of PPCPs due to their high 
concentrations on soil microorganisms. Besides the level of concentration, the 
long introduction period of persist organic compounds can also make some 
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undesirable changes in soil microflora and consequently affect on soil and 
water quality. In spite of toxic effect of sewage contaminants (e.g. PPCPs) on 
soil microorganisms, many studies reported the role of microorganisms on the 
removal of organic compounds by biodegradation process through soil aquifer 
treatment process (Alidina et al. 2014, Onesios-Barry et al. 2014, Onesios 
2010, Onesios and Bouwer 2012). Soil aquifer treatment (SAT) process is 
used to remove the remained trace levels of organic compounds after 
wastewater treatment plants. Microorganisms presented in the SAT process 
can use the existing sewage organic compounds as carbon and energy sources 
and, therefore, reduce the concentration of emerging organic compounds (e.g. 
PPCPs, ASs) in the effluent.  
The presence of biodegradable primary substrates such as humic acid, 
acetates, and ammonium sulfate in sewage can influence the removal of EOCs 
through SAT process. The primary substrates are nutrients required for 
metabolism, activity and growth of microorganisms. The main two macro-
nutrients are carbon and nitrogen. Carbon is the most important primary 
substrate for growth of microorganism to build up the cell components, and 
nitrogen is used as an energy source. In addition, some minerals such as 
phosphorous, magnesium, manganese, iron, sulfur, potassium and calcium are 
required for microbial growth, however, a small amount of them are needed. 
Limited studies have reported the effect of easily biodegradable compounds on 
the removal of sewage chemical compounds in soil. Onesios and Bouwer 
(2012) investigated the biological removal of fourteen PPCPs during simulates 
SAT system by injecting different concentrations of primary substrate. In this 
study, acetate was applied as a primary substrate and sand column inoculated 
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with WWTPs effluent was used. The result indicated that the presence of 
PPCPs did not have any impact on acetate degradation. It was also found that 
the removal of nine of the fourteen selected PPCPs (sodium diclofenac, 
gabapentin, ketoprofen, ibuprofen, valproic acid, biphenylol, chlorophene, 5-
fluorouracil, and triclosan) was independence of acetate concentrations, three 
compounds (p-chloro-m-cresol, gemfibrozil and naproxen) showed 
dependence and two of them (biosol and p-chloro-m-xylenol) did not have 
consistent behavior during the experiment. The difference in the behavior of 
different compounds may be due to different physicochemical characteristics 
of compounds. The limitation of their study is omitting the effect of 
indigenous soil microorganisms on the degradation of selected sewage-
associated chemical compounds through their experiments. 
Alidina et al. (2014) also investigated the effect of different concentration of 
primary substrates supplied as humic acid and peptone-yeast on removal of six 
PPCPs (atenolol, caffeine, diclofenac, gemfibrozil, primidone, and 
trimethoprim) through managed aquifer systems. The result of their study 
indicated the higher removal of atenolol, diclofenac, gemfibrozil, and 
trimethoprim when the highest concentration of refractory carbon (humic acid) 
was present. They attributed their observation to a more diversity of 
microorganisms in the column with the higher concentration of refractory 
carbon. More diversity of microorganisms provides various kinds of enzyme 
in the system and consequently the higher removal of emerging organic 
compounds. These two mentioned studies were conducted using engineered 
system, and they injected primary substrates and microorganisms into the 
system to investigate the biodegradation of EOCs. Since, the variety and 
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quantity of microbial communities in natural system are different from 
engineered system, the effect of primary substrates on biodegradation of EOCs 
can be different. Therefore, when sewage leaks through the subsurface area, 
primary substrates may affect the activity and growth of indigenous soil 
microorganisms and consequently may impact on biodegradation of EOCs 
through the subsurface area.  
To the best of our knowledge, till now, there is no study on the effect of easily 
biodegradable primary substrates on the transport of organic compounds 
through the subsurface area (soil) with the presence of indigenous soil 
microorganisms. Therefore, further research need to be done in this area to 
develop a better understanding about the effect of easily degradable organic 
compounds on the removal of selected sewage chemical compounds through 
the subsurface area. In the present study, it is tried to determine the effect of 
carbon source supplied as a CH3COONa and nitrogen source supplied as 
(NH4)2SO4 on removal of selected emerging organic compounds through the 
subsurface area. Besides the effect of primary substrates, other environmental 
factors such as NOM, pH, and moisture contents can also have major effects 
on the removal of organic compounds in soil. The next section discusses the 
effects of environmental factors on the sorption affinity of sewage-associated 
chemical/microbial indicators onto the soil.                                                                                                                                                                                                                                                                   
2.5 Effects of environmental factors on sorption  
The two main mechanisms, sorption and biodegradation, which determine the 
partitioning of sewage-associated indicators in soil were discussed in previous 
sections. Besides the importance of these mechanisms, the effect of the 
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environmental matrix is also controlling the fate and transport of sewage 
indicators through the subsurface area. There are several environmental factors 
such as pH, reduction-oxidation potential, nutrient availability, organic matter, 
dissolved oxygen and moisture content can change the affinity of sewage 
pollutants in soil and impact on their retardation and transport mechanisms 
(Fontes. et al. 1991, Gondar et al. 2013). Thus, sorption of sewage-associated 
contaminants through the soil depends on their interaction between the soil 
and sewage. In the next section, the effects of pH and NOM on adsorption of 
chemical and microbial sewage-associated contaminants are discussed. 
2.5.1 Effects of environmental pH  
It is generally believed that pH is the most important variable that effect on 
microbial communities and solubility as well as the absorption rate of 
chemical/ microbial contaminants onto the soil. Therefore, pH can be 
considered as a one of the main environmental factors which control the 
transport of sewage-associated contaminants through the soil. 
The effect of pH on the adsorption of sewage indicators is related to the soil 
composition and also the physicochemical properties of sewage-associated 
indicators. Currently, the information about the effect of pH on the transport of 
some chemical and microbial contaminants is available (Gondar et al. 2013, 
Hari et al. 2005, Zhang et al. 2009). However, organic compounds have 
various adsorption behaviors that are often unpredictable and dependent on 
interactions with specific functional groups and charge of the particles at 
different pH values. For example, the effect of pH was studied by Schaffer et 
al. (2012) on eight selected ionizable PPCPs through the saturated soil 
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column. It was observed that the majority of the investigated compounds have 
a strong relation with the pH value. However, for some tested compounds like 
atenolol, carbamazepine and primidone which have a high or low PKa, weak 
pH dependence was registered. Therefore, it is necessary to investigate the 
effect of pH on the removal of each selected sewage-associated indicators in 
the soil, separately.  
Besides the effects of pH on chemical compounds, the effects of soil pH on 
the growth and sorption of some microorganisms in the soil also have been 
investigated (Jiang et al. 2007, Kraemer et al. 2013, Rousk et al. 2009). Rousk 
et al. (2009) assessed the effect of soil pH on the growth of bacteria and fungi 
as two main decomposers of organic compounds in soil. The results indicated 
with lowering the pH, the growth of bacteria decreased while the growth of 
fungi increased. Kraemer et al. (2013) determined the effect of physical and 
chemical soil properties such as pH on the adsorption of E. coli onto the soil. 
They mentioned about the role of the electrostatic force on adsorption of 
bacteria onto the soil surface at various pH values. This study showed high pH 
led to decreased adsorption of E. coli onto the soil. Jiang et al. (2007) also 
found that the adsorption of Pseudomonas putida onto the surface of mineral 
decreased with increasing pH.  
2.5.2 Effects of natural organic matter  
Transport of sewage-associated chemical and microbial indicators from 
leaking sewage pipes to groundwater/surface water is depending on solution 
chemistry of sewage and soil. Besides the pH effect, the amount of NOM is 
also one of the main factors that can affect the transport of sewage pollutant in 
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the soil (Lapworth et al. 2012). Humic acids (HA) are organic compound 
present in the soil, which can affect the adsorption of chemical/microbial 
compounds onto the soil (Sharma et al. 2011). Chemical and microbial sewage 
pollutants usually enter the subsurface area with the presence of high 
concentration of sewage-associated organic matter. Thus, the study on the 
effect of organic matter on the transport of sewage microbial and chemical 
indicators is necessary for investigating the risks associated with fecal 
contamination.  
NOM can influence bacteria and virus transport in soil by adsorbing them on 
the surface of the soil. Regarding the effect of NOM on the transport of 
viruses, some studies concluded that NOM enhanced transport of viruses by 
inhibiting adsorption of viruses to the soil surface (Fuhs and Chen 1985, 
Powelson et al. 1991). Whereas, some other studies showed NOM increased 
hydrophobic interaction between the microorganisms and soil surface, 
therefore, block their transport through the porous soil (Bales et al. 1991). 
NOM can also affect the transport of chemical compounds through the soil. 
There is however a conflict in effect of some environmental factors (e.g. 
NOM) on transport of chemical compounds in the subsurface area (Arye et al. 
2011, Borgman and Chefetz 2013, Chefetz et al. 2008, Kan and Tomson 1990, 
Kim et al. 2003, Sun et al. 2008). Previous studies have shown different 
results for the effect of NOM on sorption of organic compounds. In one way, 
NOM may act as a promoter in mobility of organic compounds with water and 
thereby increase the possibility of groundwater pollution. The main 
mechanism can be due to negatively charged NOM that enables them to 
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adsorb to the positively charged surface of clay and thus interfere with 
sorption of other compounds (Kan and Tomson 1990, Kim et al. 2003). In 
another way, NOM may act as an antagonist in mobility of chemical 
compounds by creating binding sites (Arye et al. 2011, Borgman and Chefetz 
2013, Chefetz et al. 2008, Sun et al. 2008). Arye et al. (2011) studied the 
effect of NOM on fate and transport carbamazepine. It was observed that 
adsorbed fractions of CBZ obtained from the soil that has a higher amount of 
organic matter (top soil) was higher than the soil that has a lower 
concentration of organic matter. Studies on effect of NOM on the transport of 
different chemicals with different physicochemical properties are still limited 
and needs more studies. Chefetz et al. (2008) indicated that both the quantity 
and the physiochemical nature of soil organic matter affected sorption 
interactions of PPCPs such as carbamazepine, diclofenac and naproxen onto 
the soil. 
2.6 Effects of water table fluctuation on transport behavior of 
chemical indicators 
Alternating change of saturated and unsaturated conditions in response to 
hydrological cycle or climate may affect the removal of organic compounds 
through the subsurface area. The removal of organic compounds can be 
different by the alternating change of unsaturated and saturated conditions due 
to the rainfall. In tropical regions (e.g. Singapore) which have a tropical 
rainforest climate with no distinctive seasons, uniform temperature and 
pressure, high humidity, and abundant rainfall, it is supposed that the transport 
behavior of sewage indicators can be different from other areas. The level of 
groundwater table in Singapore is around three meters under surface area. 
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Since 1975, Singapore has prohibited use of well water or extraction of 
groundwater. Therefore, the range of water table fluctuation depends on the 
intensity of rainfall, distance from the coast and season. 
Alternating fluctuation of the water table in a short time, make specific 
conditions for chemical and microbial distribution in the subsurface area. 
Transport of organic compounds, especially the two main important transport 
mechanisms, including sorption and biodegradation may be affected by water 
table fluctuation. Previous studies found that microbial activity in dry soil was 
very low (Borken et al. 2003, Hicks et al. 2003). Therefore, the availability of 
high moisture content as one of the major environmental factors controlling 
soil microbial activity in the tropical area may lead to different transport 
behavior of contaminants in the tropical region in comparison with other areas. 
Previous studies investigated the impact of water fluctuation on the growth / 
activity of indigenous soil microorganisms through soil column studies. Rice 
et al. (1999) examined the effect of water table fluctuation on the indigenous 
microbial population through soil column experiments. They measured the 
concentration of CO2, O2 and organic carbon in the column with fluctuated 
water level and compared it with the static column condition. The results 
indicated an increase in activity of indigenous soil microorganisms in the 
column with fluctuated water table. Rainwater et al. (1993) suggested the 
possible reasons for enhancing the microbial activity in the transitional zone 
between the unsaturated zone (above the water table) and saturated zone 
(below the water table). In their study, the effect of water table fluctuation on 
the degradation of diesel fuel through the soil column study was examined. 
Results indicated the degradation of diesel fuel in fluctuated column was 
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almost 15% more than a static one. Increasing the degradation of organic 
compounds, e.g. diesel fuel, in fluctuated column may be due to the 
distribution of microorganisms and nutrient by water movement through the 
column. Moreover, increasing the moisture content can enhance the activity of 
soil microorganisms in the unsaturated zone (Borken et al. 2003, Couderc et 
al. 2008, Hicks et al. 2003, Rainwater et al. 1993, Shelton and Parkin 1991). 
Iovieno et al. (2008) also investigated the effect of soil moisture by drying and 
rewetting the soil on bacterial growth rates. It was found after rewetting, 
bacterial growth increased and reached to the same level of moist soil within 7 
h and the growth continuously increased and reached two times higher than 
moist soil after 24 h and then the growth decreased and reached to the same 
level of moist soil again after 2 days. There is however a significant gap in 
understanding the effect of water table fluctuation on the degradation of 
organic compounds.  
Besides the effect of water fluctuation on soil microbial community, it may 
also affect on sorption of organic compounds onto the soil.  Many studies 
investigated the transport of organic compounds through saturated and 
unsaturated conditions separately. However, there are limited studies on a 
comparison between the transports of organic compounds in saturated and 
unsaturated soil conditions. Estrella et al. (1993) compared the sorption and 
biodegradation of 2,4-dichlorophenoxyacetic as an organic compound through 
saturated and unsaturated soil columns. The results of this study indicated the 
higher sorption of 2,4-dichlorophenoxyacetic through the unsaturated soil 
column than saturated one. The reason for the higher sorption in unsaturated 
soil condition may be because of slower water velocity through the column. In 
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this study, the effect of water saturation on the growth rate of soil 
microorganisms indicated lower growth rate in saturated soil condition than 
unsaturated one which may be due to the oxygen limitation in saturated soil 
column and insufficient time duration of the experiment (< 12 h).  
Till now, there is no study on understanding the effect of water fluctuation on 
the removal of organic compounds through the subsurface area. It is 
hypothesized that water fluctuation may on one hand increase the 
biodegradation of organic compounds through the subsurface area by 
increasing growth/activity of soil microorganisms. On the other hand, 
alternating saturated and unsaturated conditions may decrease and increase the 
sorption of organic compounds, respectively. In this study, it aims to 
understand the combined effect of water fluctuation on sorption and 




CHAPTER 3  MATERIALS AND METHODS 
 
This chapter presents experimental methods used to investigate the suitability 
of selected sewage-associated chemical/microbial markers based on their 
transport mechanisms through laboratory experiments. The physicochemical 
properties of the selected sewage-associated chemical/microbial indicators are 
presented first. Thereafter, the two main experimental sections including batch 
studies and soil column studies are discussed in details. 
3.1 Selection of sewage-associated indicators  
The selection of sewage-associated markers adopted in this study was based 
on their physicochemical properties (e.g. log Kow), high consumption (e.g. DR, 
DF) and potential risk in aquatic ecosystems. In addition, the suggestions 
provided by previous researchers who investigated the occurrence of sewage-
associated markers in surface water and groundwater are also taken into 
consideration (Buerge et al. 2009, Nakada et al. 2008, Tran et al. 2014a, Tran 
et al. 2014b). The following sections introduce the sewage-associated 
chemical and microbial indicators selected in this study.   
3.1.1 Target microbial indicators  
In this study, two representative microbial indicators, namely Escherichia coli 
(E. coli) and male specific (MS2), were selected as bacterial and viral sewage-
associated indicators, respectively. 
E. coli was chosen as it is the most preferred microbial indicator of fecal 
pollution used in previous studies (Dufour 1977, WHO and OECD 2003). E. 
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coli are gram-negative, mobile, aerobic or facultative anaerobic, bacilli (rod-
shaped)‎bacteria‎that‎are‎typically‎0.5‎μm‎wide and‎2.0‎μm‎long‎(Boutilier‎et‎
al. 2009, Mosaddeghi et al. 2009). The European Union (EU) and the United 
States Environmental Protection Agency (USEPA) both include E. coli as a 
mandatory microbial indicator (Melita et al. 2003). 
Male-specific (MS2) is one of the commonly used viral sewage-associated 
indicators. MS2, an F-specific bacteriophage, was chosen as a viral indicator 
to study virus transport through the soil (Feng et al. 2003). MS2 is a 25 nm 
diameter virion and has an isoelectric point at pH 3.9 (Zerda et al. 1985). It has 
similar structural properties of many human enteric viruses yet it is safer to 
use (Powelson et al. 1991). MS2 is stable in the environment and their 
concentration found in wastewater and human feces are sufficiently high for 
detection and can be enumerated by inexpensive and rapid plaque assay 
methods. MS2 can be transported farther through most soils than a human 
virus, and it is therefore a good indicator of enteric viruses due to its long 
survival time. MS2 is known as the simplest viruses (Tufenkji and Emelko 
2011) suitable to be used as an indicator.  
 In the entire study, all incubations were performed at 37°C and shaker 
incubator was set to the same temperature at 150 rpm. The sterilization of the 
solutions was carried out in an autoclave at 121°C for 15 minutes. 
3.1.2 Target chemical indicators 
The eight selected sewage chemical indicators were five PPCPs including 
acetaminophen (ACT), caffeine (CF), carbamazepine (CBZ), crotamiton 
(CTMT),  and diethyltoluamide (DEET) as well as three ASs including 
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acesulfame (ACF), cyclamate (CYC) and saccharin (SAC). In the present 
study, all the target chemical compounds and reagents with a high purity grade 
(99%) were purchased from Sigma-Aldrich (Sigma-Aldrich, Singapore). Stock 
solutions were prepared with 1 mg/mL concentration dissolved in methanol 
for each compound and kept in a freezer at -20˚C.  
The selection of these eight sewage chemical indicators was based on some 
criteria that determine their suitability as sewage-associated indicators. These 
criteria are related to their persistency in WWTPs, surface water, and 
groundwater. The physicochemical properties of the selected PPCPs and ASs 
are presented in Table ‎3-1. One of the main properties of selected sewage 
chemical indicators is their hydrophilic property that specifies the availability 
of compounds in the aquatic environment. As can be seen from Table ‎3-1, all 
selected chemical indicators have low octanol-water partitioning coefficient 
(log Kow < 4) which indicates all compounds preferentially partition into the 




Table ‎3-1 Physicochemical properties of selected PPCPs and ASs (Foolad et al. 
2015) 
Target  PPCPs and ASs Structure Molecular weight Log Kow pKa 
Acetaminophen  151.16 0.46 9.5 
Caffeine 
 
194.19 -0.07 14 
Carbamazepine  236.28 2.45 13.9 







191.27 2.18 14 
Acesulfame 
 
163.15 -1.33 2 
Cyclamate 
 
179.24 -1.16 1.71 
Saccharine 
  

























In addition to physicochemical properties of selected sewage chemical 
compounds, Tran et al. (2014a) determined the suitability of chemical 
compounds as sewage-associated indicators based on the DR and DF criteria. 
With the exception of CTMT, all chemical indicators selected in the present 
study have DF > 80% and DR > 5, indicating at least more than 80% of these 
compounds can be quantified in sewage and surface water samples, Singapore. 
CTMT has DF around 70% and DR > 5. 
It should take into the consideration that the concentration of the selected 
sewage-associated indicators can be different from one place to another based 
on the usage habits of people. Therefore the results of this study can only be 
applied to those countries that have a similar usage pattern of PPCPs and ASs 
to Singapore. Moreover, the present study investigated the transport behavior 
of selected sewage indicators in one kind of soil texture collected from the 
local area in Singapore and also all of the experiments has been done at 
constant‎ temperature‎ (25˚C).‎ Therefore,‎ the‎ results‎ may‎ be‎ different‎ by‎
changing the soil types and temperature. Based on previous studies, pollutants 
migrate faster in coarse texture soils and higher temperature (Hiller et al. 2008, 
Jin and Flury 2002, Rani and sud 2015, Yates et al. 1988). However, there is a 
need for further studies to investigate the effect of soil type and temperature 
on selected sewage-associated indicators. 
3.1.3 Quantification of the target microbial indicators in aqueous phase 
3.1.3.1 Bacterial indicator: E. coli 
E. coli ATCC 15597 was purchased from ATCC, US. The stock solution was 
prepared in 30 mL of tryptic soy broth (TSB) and incubated overnight (TSB 
 66 
 
broth was prepared by dissolving 0.9 g TSB in 30 mL DI water and then 
sterilized). One milliliter of overnight culture of E. coli was added in 30 mL of 
fresh TSB and incubated for 4 h to allow the E. coli to enter the exponential 
growth phase (log phase). The log phase culture of E. coli was then directly 
used for the experiments.  
E. coli was assayed using the single agar layer (SAL) overlay method. After 
dilution in 0.9% NaCl solution, 0.1 mL of the diluted bacteria sample solution 
was extracted and assayed onto the agar plate, containing TSB bottom agar 
(TSB bottom agar was prepared by dissolving 30 g TSB and 15 g agar in 1000 
mL DI water) and then the plates were incubated overnight (>18 h). The E. 
coli concentrations were determined by counting the number of colonies (30 < 
N < 300) formed on each plate and reported as colony-forming units per 
milliliter (CFU/mL). The original concentration of E. coli was 10
8
 CFU/mL. 
3.1.3.2 Viral indicator: MS2 
MS2 coliphage (ATCC 15597-B1) was propagated for use by inoculating 1 
mL of MS2 stock to every 30 mL of log phase culture of E. coli solution (as 
prepared using the same method written at section 3.1.1.1 for E. coli) and 
incubated for 20 hours to allow the host cells to be lysed. After 20 hours, the 
stock solution was centrifuged for 10 minutes at 3600×g and then filtered 
using‎a‎0.20‎μm‎filter.‎The‎resultant‎MS2‎stock‎solution‎was kept at 4°C for a 
maximum of 3 days, during which the stock solution can be used. After that, 
the new stock solution was prepared for subsequent experiments. This is 
because the microbial activity of MS2 kept longer than 3 days will drop and 
may produce inconsistent and inaccurate results.  
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MS2 was assayed using the double agar layer (DAL) method based on USEPA 
standard method 1602 (USEPA 2001). After dilution in 0.9% NaCl, 0.5 mL of 
the diluted virus sample solution and 0.1 mL of log phase E. coli were added 
to approximately 3 mL of TSB top agar (TSB top agar was prepared by 
dissolving 3.0 g TSB and 0.8 g agar in 100 mL DI water), then poured onto 
the TSB bottom agar plates and incubated overnight. The MS2 concentrations 
were determined by counting the number of colonies and reported as a plaque 
unit per milliliter (PFU/mL). The reported concentration was calculated from 
the average of three replicate plates, and the original concentration of MS2 in 
the stock solution was 10
11
 PFU/mL. 
3.1.4 Quantification of the target chemical indicators in aqueous phase 
The concentration of target chemical indicators was measured using Shimadzu 
LCMS-8030 Triple Quadrupole Liquid Chromatography Mass Spectrometer 
(LCMS-8030, Shimadzu, Japan). Briefly, water samples from the experiments 
were filtered using 0.45 µm nylon filters (Whatman
®
GD/X syringe filters) and 
analyzed‎using‎LC/MS/MS.‎The‎Agilent’s‎Zorbax‎SB-C18 Narrow-Bore 2.1 × 
150 mm, 3.5 micron HPLC column was used. The quantification of target 
PPCPs and ASs in the filtered water samples were carried out by direct 
injection of 10 µL into LC/MS/MS. The mobile phases used during the 
LC/MS/MS analysis were deionized water for the aqua phase and methanol 
(99% purity) for the solvent phase with a flow rate of 0.25 mL/min and 
temperature‎ of‎ the‎ column‎ was‎ kept‎ at‎ 40˚C. All the selected sewage-
associated indicators were detected using a gradient mobile phase starting with 
30% methanol for one minute and then continuing with 95% methanol at 6 
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min to 12 min. This study followed the quantification method described by 
Tran et al. (2013). 
3.2 Selected soil sample  
The soil used in this study was obtained from a local area in Singapore. 
Particle size analysis was determined by the soil sieving method, and it was 
categorized under the sandy soil group. The soil samples were air-dried and 
sieved through 2 mm openings for the experiments. The amount of total 
organic carbon (TOC) by the ASTM D2974 method (ASTMcompass 2013) 
and cation exchange capacity (CEC) by ammonium acetate method (Sumner 
and Miller 1996) were analyzed and they were equal to 4.1% and 32.7 
meq/100g, respectively. The main characteristics of the soil are presented in 
Table ‎3-2. 
Table ‎3-2 The main characteristics of the tropical soil used in this study 
Parameter Unit Value  
Silt and clay  % 2.6 
Fine sand  % 15.3 
Medium sand  % 22.6 
Coarse sand  % 52.0 
Gravel  % 7.3 
Organic matter (OM) % 7.0 
Total organic carbon (TOC)  % 4.1 
pH (CaCl2) - 4.5 
pH (Water) - 4.9 
EC  dS/m 84.0 
Cation exchange capacity (CEC) meq/100g 32.7 
(-): not applicable 
The zeta potential of soil surface at different pH condition was measured by 
the zeta potential analyzer. The zeta potential of soil surface in pH solution of 
2, 4, 6.5 and 9 were equal to 32.32, -12.01, -20.71 and -40.32, respectively. 
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The result indicated that pHpzc of soil should be between 2 to 4, which is in 
agreement with a previous study which showed that the pHpzc of soil was 
approximately 3 (Kosmulski 2009). 
3.3 PHASE I – Batch studies 
All batch adsorption experiments were performed in 250 mL sterilized flasks. 
A series of sorption experiments were conducted at room temperature (25 ± 
1
o
C) which is close to the in situ groundwater temperature in Singapore. 
Artificial groundwater (AGW) was prepared by dissolving the following 











), and MgSO4 
(168.51×10
-4
) (pH 6.8). In all batch experiments, three blank flasks without 
added soil were included to correct for sorption to the glass walls and the die-
off/re-growth during the experiments. All batch experiments were conducted 
in triplicates. In all batch experiments, the concentration of E. coli, MS2, and 




 PFU/mL and 100 ppb, 
respectively. The ratio of solution to soil was 25:1 in all experiments. 
3.3.1 Sorption of sewage-associated indicators onto the soil  
The pollutant is generally adsorbed on the surface of the soil during the 
transport process. Thus, it is important to establish the most appropriate 
relationships for adsorption kinetics and adsorption capacity to identify the 
mechanism of the adsorption process. In this study, the first-order and second-
order adsorption kinetics of selected microbial/chemical indicators onto the 
sterilized soil were studied. Two adsorption isotherms, namely Langmuir and 
Freundlich, were used to establish the relationship between the amounts of 
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selected sewage-associated microbial/chemical indicators adsorbed onto the 
sterilized soil and their equilibrium concentrations. The soil was sterilized by 
three times continuously autoclaving at 121˚C‎ (Berthelin 1999, Northup 
2007). 
3.3.1.1 Microbial sorption study  
The sorption kinetic experiment was to investigate the effect of soil contact 
time and equilibrium. The mixture of soil, AGW, and E. coli/MS2 was 
agitated at 200 rpm for contact times ranging from 10 min to 120 min to 
determine the adsorption kinetic parameters and equilibrium time. The 
samples were taken at different time intervals (0, 10, 20, 30, 60, 120 min). To 
investigate the adsorption isotherm of selected microbial indicators, the cell 




 CFU/mL and 




 PFU/mL. The 
samples were shaken at 200 rpm for 2 h, and samples were analyzed at t = 0 
and the equilibrium time. The concentrations of E. coli and MS2 in water 
samples were analyzed by SAL and DAL, respectively. 
3.3.1.2 Chemical sorption study 
Adsorption kinetics and isotherm of chemical indicators onto the soil were 
investigated. The chemical-AGW-soil particle mixtures were agitated at 200 
rpm for contact times up to 48 hr and samples were collected at different time 
intervals (0, 10, 20, 30, 60, 120, 480, 1440, 2880 min) to determine the 
equilibrium time and adsorption kinetics. To calculate the adsorption isotherm 
of selected chemical indicators, different concentrations (100, 200, 400, 600, 
800, 1000 ppb) were investigated and samples were analyzed at t = 0 and the 
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equilibrium time. In this experiment the adsorption isotherm of each chemical 
compounds was analyzed separately. 
3.3.1.3 Removal percentage, adsorption kinetics and capacity   
The removal percentage (R%), the amount of pollutants adsorbed per unit 
mass of soil at time t (Cs
t
) and at equilibrium (Cs
e



















Where C0 and Ce are the initial and the equilibrium concentrations of the 
pollutant in the aqueous phase, respectively, Ct is the concentrations of 
pollutants in the aqueous phase at time t. V is the volume of the solution (L) 
and ms is the mass of the dry soil used (g).  
The sorption kinetics of selected microbial/chemical indicators were fitted 
using pseudo-first-order (Eq. 5) and pseudo-second-order (Eq. 6) sorption 
equations. First order adsorption kinetics graph gives the linear relationship 
from which k1 and Cs,cal
e  can be determined by the slope and intercept of the 




) versus t, respectively. Second order adsorption kinetics 
figure gives a linear relationship from which Cs,cal
e  and k2 can be determined 
from the slope and intercept of the plot of t/Cs
t
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 are the amounts of adsorbed sewage associated indicators 
onto the soil at equilibrium and at t time, respectively. k1 and k2 are the first 
order and second order rate constants of the model, respectively.  
In this study, two adsorption isotherms, Langmuir and Freundlich, were used 
to establish the relationship between the amounts of selected sewage-
associated indicators adsorbed onto the soil. Langmuir adsorption isotherms 
model can give the linear relationship from which the maximum adsorption 
capacity (Csmax) and energy constant (KL) can be determined from the intercept 
and slope of the plot of 1/Cs
e
 vs. 1/Ce, respectively. Freundlich adsorption 
isotherm graph can best fit with a straight line from which n as an indicator of 
adsorption intensity and Freundlich adsorption constant (KF) can be 
determined by the slope and intercept of the plot of log Cs
e
 vs. log Ce, 
respectively. For non-linear isotherms the Langmuir model (Eq. 7) and 















𝑒 = log 𝐾𝐹  + 𝑛𝑙𝑜𝑔𝐶𝑒 Eq. 8 
   
Where CSmax is the monolayer capacity of the absorbent, KL is the Langmuir 
constant that is related to the free energy of adsorption, KF is the Freundlich 
constant that reflect the sorption affinity of the contaminants onto the soil and 
n is a constant measuring adsorption intensity (Song et al. 2013, Vasudevan et 
al. 2011, Yadav and Tyagi 2011). In addition, the experimental distribution 
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Where Cs is the concentration of compounds in the soil and Cw is their 
concentration in water.  
3.3.2 Biodegradation of chemical indicators  
To assess biodegradation of the target chemical indicators, a series of batch 
experiments were carried out with the mixture of chemicals, AGW and non-
sterilized soil. All biodegradation experiments were conducted under a 
temperature of 25
o
C and an aerobic condition by shaking at 150 rpm for 30 
days.  
In addition to biodegradation and sorption tests by soil, the elimination of the 
target chemical compounds may be attributed to hydrolysis, photolysis and 
sorption onto glass bottle walls. Thus, to assess the impact of hydrolysis, 
photolysis and sorption onto glass bottle walls, a series of test were conducted 
parallelly in the AGW with the absence of soil, while other parameters, such 
as pH, temperature, and the initial concentrations of the target chemical 
compounds, were kept the same as those implemented in biodegradation tests. 
During the experiments, concentrations of the target chemical compounds in 
water phase were measured at different time intervals (t = 0, 1 d, 2 d, 7 d, 14 d, 
21 d and 28 d).  
 74 
 
3.3.3 Effects of environmental factors on sorption of selected indicators
  
3.3.3.1 Effects of pH  
Several studies noted that pH was an important factor that could affect the 
adsorption behavior of pollutants onto the soil (Hari et al. 2005, Zhang et al. 
2009). The pH effects on adsorption of pollutants onto the soil depend on 
physicochemical characteristics of compounds and soil composition. To 
evaluate the effects of solution pH on sorption of selected sewage-associated 
indicators, different pH values in the range of 29 were examined. The pH 
values were adjusted with HCl (0.1 M) or NaOH (0.1 M) solutions. The 
solutions containing microbial or chemical indicators dissolved in AGW with 
sterilized soil were added to the 250 mL sterilized flasks and then agitated for 
2 h and 48 h at 150 rpm, respectively.  
3.3.3.2 Effects of natural organic matter 
NOM plays an important role in mobility, solubility and bioavailability of both 
inorganic and organic compounds in the environment (Waksman 1936, Wang 
and Mulligan 2006). Therefore, there is a need to conduct the experiments to 
study the effects of NOM on the removal of selected chemical/microbial 
indicators through soil batch studies. To analyze the effect of NOM on the 
removal of selected sewage-associated indicators, different concentrations of 
humic acid (0, 20, 30, 50 ppm) were tested. The mixture solutions were 
shaken at 150 rpm for 2 h and 48 h for microbes and chemicals, respectively.  
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3.4 PHASE II – Soil column studies 
Although batch studies could provide valuable data about the sorption 
behavior of sewage-associated microbial/chemical indicators under 
equilibrium condition, it is necessary to investigate the fate and transport 
behavior of selected sewage-associated indicators through the soil column 
under field condition.  
3.4.1 Soil column design 
Soil column studies have been instrumental in providing valuable information 
on transport characteristics of pollutants through soils. Soil column studies can 
provide valuable information about removal of sewage-associated 
microbial/chemical indicators and also address the transport behavior of 
compounds through the soil column. Four plexi glass columns with a 
dimension of 50 cm in length and 4 cm in diameter were designed. In all 
column studies, the soil column was filled with soil till a height of 40 cm. A 
schematic representation of the columns used for the experiment is shown in 
Figure ‎3-1. Laboratory column experiments were designed to closely simulate 
field conditions. The amount of soil used in each column was 920 g and a thin 
layer (2 cm) of gravel particles (average diameter size of the gravel was 5.6 
mm) settled on top and bottom of the columns. Gravel was placed on top of 
the soil surface to spread the feed solution entering the column, and the gravel 
in the bottom was to prevent the effluent valve clogging by soil particles. The 
pore volume (PV) calculated from the volume of water filled the pores in dry 
soil columns was equal to 400 mL. The columns were flushed with AGW 
solution until completely saturated and kept a 2 cm water head on the top of 
the soil surface. Each column received feed solution from the separate influent 
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flask. For all experiments, the influent flasks without feed solution were 
autoclaved and covered with alumina foil to prevent the degradation of target 
compounds before entering to the column. 
The concentration of E. coli, MS2, and chemical indicators were kept in all 




 PFU/mL, and 100 ppb, respectively. 
These concentrations were selected based on the actual count in the real 
sewage. The columns were operated in a down flow mode and the solutions 
were sprinkled on top of the column. The flow rate of the solution in the 
column was calculated using Eq. 10. 
Flow rate = Hydraulic conductivity × Cross sectional area  Eq. 10 
The falling head permeability test was conducted to calculate hydraulic 
conductivity (k) of soil (Craig 2004). The k value obtained from the test was 
equal to 7.8 × 10
-5 
m/s which indicated a medium to low permeability of the 
soil (Craig 2004, Raj 2007). 
 
















and cross sectional area (1257.1 mm
2
) of the column, the calculated flow rate 
was 6 mL h
-1
. This flow rate was used for the experiment to determine the 
breakthrough point of sewage-associated chemical and microbial indicators 
through the soil column. For the rest of column studies, the flow rate of the 
solution in the column was decreased and fixed at 15 ml h
-1
 to provide enough 
contact time for the reaction between soil and sewage-associated indicators.  
In all experiments, the samples were taken continuously from both influent 
and effluent and analyzed based on the mentioned analytical methods. Two 
kinds of soil column were used in this study, namely abiotic and biotic soil 
column. The abiotic soil columns were filled with sterilized soil (three times 
continuously autoclaved). The biotic soil columns were filled with soil that 
was kept in water for more than two months to provide enough time for 
growing indigenous soil microorganisms. All the column experiments were 
conducted in triplicate. In the next section, the experimental procedures to 
determine the removal rate and breakthrough point of sewage-associated 
indicators through column study are presented. 
3.4.2 Transport of sewage-associated indicators  
Transport of sewage associated indicators through the abiotic saturated soil 
column was investigated to determine the breakthrough point and removal 
rates of target compounds. Removal rates and breakthrough point of 
chemical/microbial indicators in repacked soil columns under saturated 
conditions were investigated. The solution containing E. Coli/MS2/chemical 
indicators was injected from the top of the column. The percolate was 
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collected at different PV, and the removal percentages of microbial/chemical 
indicators through soil column were measured.  
Transport of chemical indicators through the saturated soil column with 
sterilized soil limits the effect of biodegradation in the removal of chemical 
indicators. In the next section, the removal of selected chemical indicators 
through a saturated soil column in the presence of indigenous soil 
microorganism is explained. 
3.4.3 Biodegradation of sewage-associated chemical indicators  
The mixture of all chemical compounds dissolved in water was injected into 
the biotic saturated columns. The difference between the concentrations of 
target compounds in influent and effluent of biotic columns represented the 
effect of both adsorption and biodegradation on their transport, whereas in 
abiotic column (section 3.4.2) it represented the effect of adsorption only. The 
columns were continuously run till 25 PV (10 L) of feed solution was passed 
through each column. The feed for each column was prepared in a 1 L volume 
and was refilled approximately every three days.  
3.4.4 Effects of biodegradable primary substrate on degradation of 
selected sewage-associated chemical indicators 
Influence of different concentrations of (NH4)2SO4 and CH3COONa as 
primary substrates on biodegradation of selected chemical indicators through 
the saturated biotic soil column were assessed. Different concentrations of 
(NH4)2SO4 and CH3COONa as a primary substrate were selected to examine 
the correlation between the concentration of primary substrate on the 
degradation of chemical indicators. To evaluate the effect of (NH4)2SO4 on 
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removal of molecular markers, different concentrations of (NH4)2SO4 were 
used (0, 20, 50, 100 mg/L) with an equal amount of CH3COONa (50 mg/L). 
On the other hand, the effects of CH3COONa on removal of molecular 
markers were examined by varying the concentrations of CH3COONa (0, 20, 
50, 100 mg/L) with an equal amount of (NH4)2SO4 (20 mg/L). 
During the experiments, concentrations of the total organic carbon (TOC) and 
total nitrogen (TN) were measured by total organic carbon analyzer (TOC, 
Shimadzu, Japan) and concentrations of nitrate (NO3
-
-N) and ammonium 
(NH4
+
-N) were determined by ion chromatography (Thermo Scientific Dionex 
ICS-1600, United States). All the columns were run till 25 PV of feed solution 
was passed through the soil column. 
3.4.5 Effects of water table fluctuation on transport of sewage-associated 
chemical indicators  
The schematic diagram and photo of designed soil column for studying the 
effect of water table fluctuation are shown in Figure ‎3-2. The samples were 
taken from three ports named V1, V2 and V3 located at three different heights, 
namely 14 cm, 27 cm and 40 cm from top of the soil column, respectively. 
Samples were collected from all three ports using Rhizon soil moisture 
samplers (lysimeters) at each time interval. These lysimeters were inserted 
horizontally towards the center of the column. The top of the soil in the 
column was covered with 2 cm gravel to homogeneously distribute the 
influent solution through the column. The water level in soil column fluctuated 
using real rain water (pH = 6.6) which was stored in a bottle on top of the 
column and injected from the top of the column.  
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Initially, all three columns were unsaturated and for each column 10 PV of the 
influent solution (mixture solution containing chemical indicators) were 
injected with a flow rate of 15 ml h
-1
. After that, the real rain water was also 
injected from the top of the column with an intensity of 50 ml h
-1
 for 5 h 
(conversion of unsaturated condition to saturated condition). Thereafter the 
water level increased to a height of 15 cm (above V2) and kept till 2 PV of the 
feed solution passed through column and then the water level dropped to zero 
(conversion of saturated condition to unsaturated condition). In each column, 
the water table fluctuation happened three times to triplicate the experiment in 
each column. The time interval between each water fluctuation was around 6 
PV and samples were collected continuously during the experiment at 




Figure ‎3-2 Schematic of water table fluctuation column setup (A); photo of 
water table fluctuation column setup (B) 
The one-way between groups analysis of variance (ANOVA) was used to 




variable. In the present study, the one way ANOVA was applied through 
SPSS19 software to compare the effect of water table fluctuation (independent 
variable) on the concentration of each compound at three different valves 




CHAPTER 4  RESULTS AND DISCUSSIONS 
 
4.1 PHASE I - Batch studies 
Batch sorption experiments were carried out to study the effects of time and 
concentration on the adsorption process of selected sewage-associated 
indicators onto the soil. In addition, the role of indigenous soil 
microorganisms in the removal of selected chemical indicators was examined. 
Finally, the effects of environmental factors such as NOM and pH on the 
removal of selected sewage-associated chemical/microbial indicators through 
soil batch experiments were studied. The results obtained from batch 
experiments are presented in the following sections. 
4.1.1 Sorption kinetics 
In this study, first order and second order adsorption kinetics were applied to 
establish the relationship between the time and amounts of chemical/microbial 
sewage indicators adsorbed onto the soil surface and describe their kinetics 
with respect to tropical soil. The best-fit model was selected according to the 
linear regression correlation coefficient values, R
2
.  
4.1.1.1 Sorption kinetics of sewage-associated microbial indicators  
Adsorption equilibrium time was determined by conducting adsorption kinetic 
experiment and taking samples at different time intervals (t = 0, 5 min, 10 min, 
20 min, 30 min, 1 h, 2 h, 4 h). Figure ‎4-1 shows the adsorption of two selected 
microbial indicators (E. coli and MS2) onto the soil over time. The initial 








PFU/mL, respectively. As can be seen in Figure ‎4-1, sorption (Cs) of both 
microbial indicators increased over time and then remained nearly constant 
after 60 min that can be considered as an equilibrium time. At the initial stage, 
high adsorption of both indicators due to the large available soil surface sites 
was observed. After a while, by decreasing the vacant soil surface site and also 
repulsive forces between the solute molecules on soil and in the water phase, 
adsorption rate decreased and then remained constant after equilibrium time 
(Jodeh 2012). The amount of E. coli and MS2 adsorbed at equilibrium time 
(Cs,exp
e ) were 7.5×10
8
 CFU/g and 1.9×10
10
 PFU/g, respectively. The relatively 
smooth and continuous curves leading to saturation shown in Figure ‎4-1 also 
suggested the possible monolayer coverage of E. coli and MS2 on the soil 
surface. 
  
Figure ‎4-1 Adsorbed E. coli and MS2 vs. time 
Figure ‎4-2 and Figure ‎4-3 show the plotted experimental data to pseudo-first 
order and second order adsorption kinetics models for E. coli and MS2, 
respectively. The adsorption kinetics results of both microbial indicators are 
summarized in Table ‎4-1. 













































Figure ‎4-2 Pseudo-first order and second order adsorption kinetics of E. coli 
 
  
Figure ‎4-3 Pseudo-first order and second order adsorption kinetics of MS2 
 
Table ‎4-1 Pseudo-first and second-order sorption rate constants of the selected 
microbial indicators (calculated and experimental Cs
e
 values under Temperature 
of 25
o























E. coli 7.5108 5.610-2 7.8108 0.99  1.010-7 1.0108 0.97 
MS2 1.91010 4.010-1 5.151011 0.87  1.610-12 2.51010 0.75 
 
                                                 
1
  Cs,exp
e : Experimental values for sorption capacity of target sewage microbial at equilibrium 




e : Calculated values from the kinetic models for sorption capacity of target microbial at 
equilibrium time into the soil  
 
y = -0.0245x + 8.8901 
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y = -0.174x + 11.712 



















y = 4E-11x + 1E-09 

















It is noted from Table ‎4-1 that good regression coefficients (R2) of both kinetic 
models for E. coli were obtained. The calculated value of Cs
e
 from first order 
kinetic model for E. coli was close to its experimental values and the high 
correlation coefficient value also indicated a good fit to the first order 
adsorption kinetics. Ling et al. (2003) found that adsorption of E. coli onto the 
three kinds of soil (clay loam, silt loam and sandy loam) was rapid and the 
percentage of adsorption was dependent on the initial concentration of E. coli. 
At a low concentration of E. coli (< 10
3 
CFU/mL), there was much less 
adsorption of E. coli in sandy soil in comparison to other tested soil samples. 
However, with increasing E. coli concentration, there was a high percentage of  
E. coli adsorption ( > 99 %) onto all three soil samples tested (Ling et al. 
2003).  
MS2 data have also been shown to have a better fit to first-order kinetic with 
higher regression coefficients (R
2
) than second order kinetics. The calculated 
sorption capacity (Cs
e
) for MS2 in both adsorption model was higher than 
experimental value. Dowd et al. (1998) compared the adsorption of MS2 with 
other‎ four‎ kinds‎ of‎ viruses‎ including‎ PRD1,‎Qβ,‎ φX174,‎ and‎ PM2 onto the 
soil. They reported that adsorption of MS2 with lowest isoelectric point (3.9) 
among other tested viruses has the highest adsorption affinity onto the soil. 
Thus, their study indicated the negative correlation between viral adsorption 
and their isoelectric points. In summary, the adsorption kinetics of both E. coli 
and MS2 can be described by using the first order adsorption kinetics model 
and they both show high adsorption affinity onto the soil. In addition, both E. 
coli and MS2 have K1 values that are higher than K2, suggesting a fast 
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adsorption rate (the higher the K1 value, the quicker the adsorption rate would 
be (Sung et al. 2014)).  
4.1.1.2 Sorption kinetics of sewage-associated chemical indicators 
Adsorption (Cs) of all selected chemical indicators onto tropical soil versus 
time are shown in Figure ‎4-4. The adsorption kinetics of organic compounds 
on natural sorbent such as soil showed rapid uptake at the initial stage and then 
slowly decreased to reach equilibrium (Delle Site 2001). It can be seen that the 
adsorbed amount of all chemical indicators increased rapidly with time in the 
first four hours and then slowly approached the equilibrium at 24 hr and 
remained constant. The experimental results were fitted to pseudo-first order 







Figure ‎4-4 Effect of contact time on sorption capacity of target PPCPs and ASs 
onto the soil 
 







































































































































Figure ‎4-5 Pseudo-first order adsorption kinetics plots for selected sewage-
associated chemical indicators 
y = -0.0013x + 2.625 




















y = -0.002x + 2.3154 




















y = -0.0029x + 2.4253 




















y = -0.0022x + 2.404 



















y = -0.0018x + 2.6248 





















y = -0.001x + 2.4466 



















y = -0.0008x + 2.4537 




















y = -0.0025x + 2.348 



























Figure ‎4-6 Second order adsorption kinetics plots for selected sewage-associated 
chemical indicators   
y = 0.0012x + 0.0307 














y = 0.0028x + 0.0988 














y = 0.003x + 0.1483 
















y = 0.0032x + 0.3161 
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y = 0.0024x + 0.4648 
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y = 0.0024x + 0.0496 















Table ‎4-2 presents the calculated results of adsorption kinetics of all chemical 
indicators. As shown in this table, kinetics of all selected chemical indicators 
on tropical soil could be well described by the second order kinetics equation 
with a regression correlation coefficient of R
2 
> 0.9. Moreover, K2 values for 
all selected chemical indicators were higher than their K1 suggesting slower 
adsorption rates as the larger the K2 value the slower the adsorption rate would 
be (Sung et al. 2014). Therefore, the eight selected sewage-associated 
chemical indicators had a lower tendency to adsorb to the soil in comparison 
to the two selected sewage-associated microbial indicators selected in the 
present study. 
Table ‎4-2 Pseudo first and second-order sorption rate constants of the selected 
chemical indicators (calculated and experimental Cs
e
 values under Temperature 
of 25
o






(µg/kg) First order kinetic model 
 
























ACT 828.4 3.010-3 421.7 0.63  4.7104 833.3 0.99 
CBZ 353.4 4.610-3 206.7 0.63  8.0104 357.1 0.99 
CF 833.3 4.110-3 421.5 0.80  6.0104 833.3 0.99 
CTMT 288.4 5.010-3 253.5 0.96  4.2104 243.9 0.98 
DEET 317.6 6.710-3 266.3 0.95  6.0104 333.3 0.98 
ACF 368.7 2.310-3 279.6 0.49  1.2104 416.6 0.90 
CYC 416.6 5.710-3 222.8 0.78  1.2104 416.6 0.99 
SAC 326 1.810-3 284.2 0.52  2.4104 344.82 0.94 
                                                 
1
 Cs,exp
e : Experimental values for sorption capacity of target PPCPs and ASs at equilibrium 




e : Calculated values from the kinetic models for sorption capacity of target PPCPs and 




The results presented in Table ‎4-2 also shows the adsorption capacity of the 
tested chemical indicators on soil which was found to be in the following 
order: CF > ACT > CYC > ACF > CBZ > SAC > DEET > CTMT. The lower 
or higher sorption affinity of chemical compounds may be related to their 
chemical structure and molecular weight. CF and ACT showed a higher 
adsorption affinity (around 800 µg kg
-1
) in comparison to the rest of the tested 
compounds.  
CF with the lower log Kow of - 0.07 could be assumed to have the lowest 
adsorption affinity among ACT, CBZ, CTMT, DEET and SAC with the higher 
log Kow value (Table ‎3-1). However, the result of the present study showed CF 
had the highest adsorption affinity among all selected sewage-associated 
chemical indicators. Similar to the present study, Ford (2014) also determined 
the higher adsorption of CF than ACT, CBZ and Bisphenol A onto the soil. 
The possible reason could be due to the stronger attraction of CF to a soil 
mineral component such as kaolinite and montmorillonite than other tested 
compounds. Further study needs to be done to understand the exact reason for 
high adsorption tendency of CF onto the soil minerals (Ford 2014). Another 
reason may be related to the physicochemical property of CF. CF (C8H10N4O2) 





. Therefore, the sorption tendency of CF 
with a positively charged group onto the negatively charged mineral 
compounds could be higher than other selected sewage-associated indicators 
(neutral compounds) used in the present study. ACT as phenolic EOCs 
showed the highest removal efficiency compared with other indicators. This 
observation could be attributed to a phenolic group of ACT. The phenols 
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group my form hydrogen bonding with soil surface sites by acting as a proton 
acceptor (Delle Site 2001). The sorption tendency of ACT onto the soil was 
also observed in previous studies (Lapworth et al. 2012, Li et al. 2014, Lin et 
al. 2010). 
In comparison with ACT and CF, there was a lower adsorption affinity for 
other selected PPCPs including CTMT, DEET, and CBZ. Nakada et al. (2008) 
examined the suitability of 13 PPCPs as sewage molecular markers in 
groundwater, riverine and coastal environment. Their study demonstrated the 
poor removal of CTMT, CBZ and DEET through soil penetration which was 
similar to the finding obtained in the present study. This finding is also in 
agreement with Shinohara et al. (2006) findings that amid EOCs (e.g CTMT, 
CBZ, or DEET) showed poor adsorption performance onto the soil. The 
possible reason may be due to their high resistance to hydrolysis and their 
neutral charge that cause low interaction with soil mineral compounds 
(Lapworth et al. 2012). The present study reported the first sorption data for 
DEET and CTMT onto the soil. Accordingly, the sorption capacity of DEET 
and CTMT were 288.4 µg kg
-1 
and 317.6 µg kg
-1
 respectively, which had the 
lowest sorption capacity onto the soil among all tested compounds. The low 
sorption affinity of CBZ may also be due to the polar function groups that 
cause‎ polar‎ interactions‎ like‎ π–π‎ interaction‎ and‎ hydrogen‎ binding‎ which‎
might be the main mechanisms for sorption interaction of CBZ onto the soil 
(Navon et al. 2011).  
Similar to CTMT, DEET, and CBZ, there were also little adsorption affinities 
for three selected ASs including ACF, CYC and SAC. The adsorption capacity 
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of ACF, CYC, and SAC were 368.7 µg kg
-1
, 416.6 µg kg
-1
 and 326 µg kg
-1
, 
respectively. Three selected ASs carry sulfur group in their chemical structure 
which may affect their sorption capability onto the soil. Edwards (1998) 
indicated that sulfur organic compounds were mostly immobile through the 
soil. His finding is in contrast with the result of the present study that showed 
low adsorption of these three sulfur organic compounds onto the soil. 
However, previous studies indicated that high persistence of ACF, CYC, and 
SAC through their transport in subsurface area and consequently their 
presence in groundwater and surface water samples (Buerge et al. 2011, Tran 
et al. 2014a, Van Stempvoort et al. 2011). The reason could be attributed to 
the pKa value of these three compounds and the pH of the experiment. As can 
be seen in Table ‎3-1, the pKa values of these three ASs are low (around 2) 
which indicate their high tendency to lose their proton at pH > pKa and carry a 
negative charge and the consequent decrease in adsorption. This property 
causes their low adsorption onto the soil surface.  
In summary, the sorption batch experiment indicated lower sorption capacity 
of six chemical compounds, including ACF, CBZ, CTMT, CYC, DEET, and 
SAC than ACT, CF, and two selected microbial indicators. This result may 
suggest high mobility of these six chemical compounds in the subsurface area, 





4.1.2 Sorption isotherm 
In this section, two adsorption isotherms, Langmuir and Freundlich were used 
to establish the relationship between the amounts of sewage-associated 
chemical/microbial indicators adsorbed onto the soil and the equilibrium 
concentration. The best-fit model was selected according to the linear 
regression correlation coefficient, R
2
. 
4.1.2.1 Sorption isotherm of sewage-associated microbial indicators   
Langmuir and Freundlich adsorption isotherm plots for both selected sewage-
associated microbial indicators are shown in Figure ‎4-7. As shown in this 
figure, E. coli adsorption process was well fitted to both Langmuir and 
Freundlich adsorption isotherm models with a coefficient of determination 
(R
2
) greater than 0.9. Although both adsorption isotherm models described 
well the adsorption process, the Langmuir isotherm model had the higher 
coefficient of determination (R
2 




 The adsorption process of MS2 onto the soil was however better fitted to 
Freundlich adsorption isotherm since it had the higher coefficient of 
determination (R
2 










Figure ‎4-7  Freundlich and Langmuir isotherm plots for adsorption of E. coli 
and MS2 
The parameter values of Langmuir and Freundlich model calculated from 
intercepts and slopes of isotherm plots are presented in Table ‎4-3. 
Table ‎4-3 Langmuir and Freundlich adsorption isotherm parameters for 
microbial indicators (Temperature of 25 
o






















E. coli 6.610-9 2.5109 0.96  6373.8 0.64 0.94 
MS2 1.810-11 2.51011 0.89  416.9 0.80 0.95 
 
The constant Csmax in Langmuir adsorption isotherm model represents the 
adsorption capacity of adsorbent (soil) to adsorb sewage-associated microbial 
indicators. Based on Csmax value obtained in the present study, soil has a high 
adsorption capacity to adsorb both selected microbial indicators. However, the 












































































) was two orders higher than E. 




) which indicated a lower adsorption of E. coli 
than MS2 onto the soil. The n value in Freundlich isotherm indicates the 
strength of the bond between the adsorbent and the adsorbate. The value of n > 
1 means a strong bond between adsorbent and adsorbate. The n value obtained 
in this present study, indicated a weak bond between selected microbial 
indicators and soil (n < 1). However, between the two selected microbial 
indicators, the adsorption bond between E. coli and soil (n = 0.64) was weaker 
than MS2 and soil (n = 0.80). 
4.1.2.2 Sorption isotherm of sewage-associated chemical indicators 
Similar to the microbial indicators, the Langmuir and Freundlich isotherm 













Figure ‎4-8 Langmuir isotherm plots for adsorption of selected sewage-associated 
chemical indicators 
 
y = 0.1053x + 0.0004 














y = 0.4468x + 0.0012 















y = 0.1312x + 0.002 














y = 0.1205x + 0.0025 















y = 0.0535x + 0.0004 













y = 0.2446x + 0.0002 
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y = 0.0681x + 0.0004 



















Figure ‎4-9 Freundlich isotherm plots for adsorption of selected sewage-
associated chemical indicators 
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y = 1.2117x + 0.1434 
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 The Freundlich and Langmuir isotherm model parameters and regression 
coefficients of the eight selected chemical indicators are tabulated in 
Table ‎4-4. 
Table ‎4-4 Langmuir and Freundlich adsorption isotherm parameters for 
chemical indicators (Temperature of 25 
o




Langmuir adsorption isotherm 
model 





















ACT 3.810-3 2500 0.65  19.95 0.74 0.80 
CBZ 2.710-3 833.3 0.22  51.3 0.6 0.27 
CF 7.510-3 2500 0.63  53.2 0.6 0.66 
CTMT 1.810-1 285.7 0.08  142.56 0.12 0.37 
DEET 1.510-2 500 0.23  60.16 0.33 0.38 
ACF 8.210-4 279.6 0.47  1.39 1.2 0.74 
CYC 5.910-3 2500 0.66  36.64 0.6 0.78 
SAC 3.910-3 1666.6 0.33  21.62 0.7 0.40 
Table ‎4-4 illustrates that adsorption of PPCPs and ASs followed the 
Freundlich isotherm model (multi-layer adsorption) as their R
2
 values were 
higher compared to those of the Langmuir isotherm model. Moreover, a non-
linear sorption was observed for all compounds with n values ranging from 
0.33 to 1.2. The low R
2
 values for CBZ, CTMT, DEET and SAC showed the 
high variability of the adsorption data for these four compounds. The results 
are agreeable with previous studies that indicated the adsorption isotherms of 
most PPCPs and ASs onto the soil were best fitted to the Freundlich 
adsorption isotherm (Jodeh 2012, Xu et al. 2009, Yu et al. 2013).  
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4.1.3 Effect of environmental factors  
In this section, the effect of two important environmental factors, including pH 
and NOM on sorption capacity (Kd) of sewage-associated microbial and 
chemical indicators are discussed. 
4.1.3.1 Effect of pH on sewage-associated microbial indicators 
Many environmental factors such as soil texture, microorganism 
characteristics, water flow rate, saturated and unsaturated flow, cations, pH, 
soluble organics and metal hydroxides can affect the transport and adsorption 
of microorganisms through the subsurface area. pH is one of the major factors 
that affect microbial adsorption onto the soil. Increasing electrostatic forces at 
higher pH can lead to decreased adsorption of microorganisms onto the soil 
(Organization for Economic Co-operation Development 2008, Zibilski 1996). 
Therefore, based on the charge of microorganisms and soil surface 
characteristics the adsorption of microorganisms onto the soil can be varied in 
different pH.  
Table ‎4-5 shows the effect of pH on sorption coefficient (Kd) of the target 
microbial indicators onto the soil. This table illustrates that increasing pH 
caused decreased sorption coefficient (Kd) of microbial indicators onto the soil 
surface.   
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Table ‎4-5 Sorption coefficients (Kd) of the target microbial indicators onto the 




2 4 6.5 9 
E. coli (×10
3
) 140.15 ± 17.35 104.75 ± 21.32 109.19 ± 16.4 78.88 ± 11.14 
MS2 (×10
5
) 416.36 ± 15.66 251.10 ± 11.50 212.39 ± 8.26 104.03 ± 7.11 
This result is in agreement with previous studies that indicated the decrease in 
the adsorption of microbes onto the soil when the pH increased. The reason 
could be due to the electrostatic repulsion force between bacteria and soil. 
When pH increases, it causes the increased electro-negativity of the soil 
surface and bacteria membrane, and consequently adsorption decreases 
(Kraemer et al. 2013). 
4.1.3.2 Effect of pH on sewage-associated chemical indicators 
Several studies noted that pH was an important factor that could affect the 
adsorption behavior of chemical compounds onto the soil (Hari et al. 2005, 
Zhang et al. 2009). The effect of pH on the adsorption of chemical compounds 
depends on physicochemical characteristics of compounds and soil 
composition. The correlations between the adsorption of all selected chemical 
indicators and pH of the solution were examined. The data shown in Table ‎4-6 





Table ‎4-6 Sorption coefficients (Kd) of the target chemical indicators onto the 




2 4 6.5 9 
ACT 1.30 ± 0.58 2.60 ± 0.30 3.65 ± 0.68 3.60 ± 0.22 
CBZ 0.83 ± 0.04 0.99 ± 0.20 1.30 ± 0.49 1.33± 0.20 
CF 0.62 ± 0.26 2.21 ± 0.32 2.41 ± 0.15 2.98 ± 0.39 
CTMT 0.28 ± 0.06 0.75 ± 0.26 0.75 ± 0.36 1.30 ± 0.75 
DEET 0.53 ± 0.23 0.82 ± 0.11 0.80 ± 0.30 0.86 ± 0.02 
ACF 3.74 ± 0.78 2.08 ± 0.28 1.41 ± 0.08 0.44 ± 0.04 
CYC 3.04 ± 0.09 1.58 ± 0.09 1.13 ± 0.15 0.89 ± 0.08 
SAC 3.24 ± 0.43 1.84 ± 0.64 0.86 ± 0.07 0.66 ± 0.07 
It can be seen from the data in Table ‎4-6 that the effect of pH on the sorption 
capacity of selected PPCPs was different from that of tested ASs. Selected 
PPCPs including ACT, CF, CBZ, CTMT and DEET had high pKa values 
(Table ‎3-1) and therefore they likely to take H+ from solution and became 
positively charge compounds. However, increasing the pH caused the increase 
of the negative charge of the soil, so the adsorption of positively charge 
compounds was slightly increased (Hari et al. 2005). Effect of pH on the 
sorption behavior of three selected ASs including ACF, CYC and SAC was 
opposite. The selected ASs had low pKa values (Table ‎3-1) and thus at pH > 
pKa, the ionization of the ASs occurred and created ionized compounds with 
negative charges (Kah 2007), hence the consequent decrease in adsorption. 
Another reason is the presence of positively charged adsorption surface like 
aluminum and iron oxides in the soil, especially in tropical soil, due to the 
weathering process. At higher pH, their net charges became more negative and 
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therefore the adsorption rate of negatively charged compounds decreased 
(Baskaran et al. 1996, Dubus et al. 2001). 
4.1.3.3 Effect of natural organic matter on sewage-associated microbial 
indicators  
NOM is an important environmental parameter that can affect the adsorption 
of pollutants onto the soil. NOM may enhance the transport of pollutant 
through the subsurface area and cause groundwater pollution, or it may act as 
a binding site between soil and pollutant and decrease the pollutant movement 
through the subsurface area. Table ‎4-7 shows the effect of NOM on sorption 
coefficient (Kd) of selected sewage-associated microbial indicators onto the 
soil.  
Table ‎4-7 Effect of NOM concentrations on the sorption coefficient (Kd) of target 
microbial indicators onto the soil 
Kd (mL g
-1
) NOM (mg L
-1
) 
0 20 35 50 
E. coli (×10
3
) 129.74 ± 13.48 76.37 ± 7.78 74.09 ± 6.86 66.13 ± 13.23 
MS2 (×10
5
) 262.08 ±  29.77 183.91 ± 15.59 158.47 ± 4.22 149.53 ± 7.61 
It can be seen from Table ‎4-7 that the Kd value of both microbial indicators 
decreased with the increased amount of NOM. The observed decrease in Kd 
could be attributed to competition between NOM and microbial indicators for 
occupying the binding sites on the soil surface. Powelson et al. (1991) 
evaluated the effect of organic matter on MS2 transport through the 
unsaturated soil column. Since MS2 with low isoelectric point (3.9) has the 
high possibility for adsorption onto the soil (Dowd et al. 1998), the presence 
of organic matter may interfere with MS2 for occupying the adsorption site 
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(Powelson et al. 1991). Besides the mentioned competition for adsorption 
sites, organic matter can also provide the carbon source and energy source for 
microorganisms such as E. coli and therefore increases their growth and 
survival in soil (Zhang et al. 2013a). 
4.1.3.4 Effect of natural organic matter on sewage-associated chemical 
indicators   
 Table ‎4-8 shows the Kd values of eight selected chemical indicators at 
different concentrations of NOM.  
Table ‎4-8 Effect of NOM concentrations on the sorption coefficient (Kd) of target 
chemical indicators onto the soil 
Kd (L kg
-1
) NOM (mg L
-1
) 
0 20 35 50 
ACT 3.17 ± 0.51 1.61 ± 0.26 1.63 ± 0.34 1.60 ± 0.50 
CBZ 1.24 ± 0.32 0.84 ± 0.22 0.84 ± 0.23 0.82 ± 0.20 
CF 2.75 ± 0.30 1.81± 0.19 1.89± 0.80 1.86 ± 0.71 
CTMT 0.68 ± 0.35 0.57 ± 0.15 0.53 ± 0.17 0.55 ± 0.20 
DEET 0.75 ± 0.21 0.67 ± 0.17 0.67 ± 0.25 0.60± 0.06 
ACF 1.37 ± 0.27 1.17 ± 0.61 0.77 ± 0.25 0.87 ± 0.41 
CYC 2.02±0.95 1.43 ± 0.18 1.55 ± 0.56 1.40 ± 0.33 
SAC 1.19 ± 0.32 0.95 ± 0.52 0.85 ± 0.30 0.88 ± 0.54 
As can be seen, NOM decreased the retardation of selected chemical 
indicators by soil when the concentration of NOM was increased from 0 to 20 
mg/L. This finding is in agreement with those studies which suggested that 
organic matter enhanced the transport of organic compounds in the subsurface 
area (Kan and Tomson 1990, Kim et al. 2003). The reason is that NOM 
compete with chemical compounds for adsorption in the soil, which may 
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increase the possibility of groundwater pollution. Among the eight tested 
chemical indicators, the sorption behaviors of CTMT and DEET were affected 
the least, and ACT was affected the most by adding NOM. This observation 
could be attributed to the higher sorption tendency of ACT onto the soil 
compared to the low sorption affinity of CTMT and DEET. However, no 
difference was found in the adsorption of selected chemical indicators by 
further increasing NOM concentration from 20 to 50 mg/L,which might have 
been caused by the higher amount of NOM in comparison to the amount of 
soil (Navon et al. 2011). Moreover, since the initial concentration of sewage-
associated chemical indicators (100 ppb for each) are low, it may not be 
possible to find any major difference by further increasing the amount of 
NOM. 
4.1.4 Biodegradation of sewage-associated chemical indicators  
Biodegradability of contaminants is dependent on the presence of 
microorganisms, physicochemical properties of compounds and the amount of 
primary substrate available in the soil. Figure ‎4-10 shows the disappearance 
curves of each chemical indicator during control, sorption and biodegradation 
batch studies within 28 days.  
As shown in Figure ‎4-10, all eight selected chemical indicators remained with 
stable concentration in control study, which indicated other reactions such as 
hydrolysis, photolysis and sorption to the walls of the bottle did not have 
significant effect on the degradation. In contrast, there was a clear decreasing 
trend in concentrations of ACT and CF due to the adsorption and 
biodegradation processes. However, the rates of decreasing due to the 
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adsorption and biodegradation together (unsterilized soil) were much higher 
than adsorption only (sterilized soil). As it can be seen, the concentrations of 
ACT and CF (rate constant = 0.4 d
-1
) decreased to zero within 7 days by 
adsorption and biodegradation together. The removal of ACT and CF in 
sterilized soil (omitting the effect of microorganisms), on the other hand, took 
28 and 21 days to reach zero, respectively, with the corresponding rate 
constants equal to 0.04 d
-1
 and 0.1 d
-1
. These findings agree with previous 
studies which indicated biodegradability of ACT and CF as a carbon source in 
soil and consequently, fast removal of the soil (Kagle et al. 2009, Li et al. 
2014, Lin et al. 2010, Vasiliadou et al. 2013).  
Similar to these two compounds, DEET is also biodegradable, and the 
concentration reached zero after 14 days in unsterilized soil with a rate 
constant equal to 0.04 d
-1
. SAC also showed some degradability (rate constant 
= 0.008 d
-1
) in unsterilized soil, but the concentration did not drop to zero 
during the experiments. Thus, this study showed that the movement of ACT 
and CF could be limited by adsorption and biodegradation process while 








Figure ‎4-10 Changes in the normalized concentration (Ct/C0) of the target 
chemical indicators in water phase during control, sorption, and biodegradation 
experiments 
  
It is apparent from Figure ‎4-10 that other tested chemicals, including ACF, 
CBZ, CTMT and CYC were neither adsorbed nor biodegraded during the 










































































































experiment. CBZ and CTMT have a stable heterocyclic structure and, 
therefore, are known as persistent PPCPs in aquatic environments (Fukahori et 
al. 2012, Gasser et al. 2011, Jurado et al. 2014, Nakada et al. 2008, Nakada et 
al. 2010, Nödler et al. 2013) and thus has a high possibility to reach the water 
bodies. ACF and CYC  are hydrophilicly stable ASs and Van Stempvoort et 
al. (2011) reported the presence of these two ASs in ground water samples in 




4.2 PHASE II – Soil column studies 
Batch studies can provide useful information about adsorption process and 
mechanisms of pollutant attachment onto the soil. However, it could not 
determine the transport behavior of compounds through the subsurface area. 
Laboratory soil column studies using natural soil were conducted to assess the 
transport behavior of pollutants through the subsurface area. Study on 
transport behavior and removal of selected sewage-associated indicators 
through the continuous soil column study can determine the persistency of the 
compounds through their transport in the subsurface area. The most persistent 
sewage-related compounds can be considered as suitable sewage-associated 
indicators to determine the sewage contamination in groundwater and surface 
water bodies. 
4.2.1 Transport of sewage-associated indicators  
4.2.1.1 Transport behavior of sewage-associated microbial indicators 
Figure ‎4-11 presents the breakthrough point and saturation time of microbial 
indicators through sterilized soil column study. Breakthrough point or 
breakthrough capacity is normally taken as C/C0 = 0.05 and exhaustive point 
or saturation time is referred to the time that C/C0 > 0.95.  
  
Figure ‎4-11 Breakthrough curves of selected microbial indicators  




























As can be seen from Figure ‎4-11, E. coli was found in the effluent of column 
after 5 PV (breakthrough point) and their concentration increased till 10 PV 
(exhaustive point) and then stayed constant thereafter. At three PV after a 
exhaustive point, the column was washed by AGW and, therefore, the 
concentration of E. coli decreased to zero. MS2 was found in the effluent 
samples after 8 PV (breakthrough point), and the concentration increased till 
10 PV (exhaustive point) and remained constant till column was washed by 
artificial ground water. MS2 had a larger breakthrough point which suggested 
higher adsorption of MS2 than E. coli onto the soil. Higher adsorption of MS2 
might be attributed to their smaller size or more adsorption affinity onto the 
soil compared with E. coli. Even soil has the higher adsorption capacity for 
MS2 than E. coli, the high adsorption of viruses onto the soil does not 
necessarily indicate virus inactivation and the adsorption process can be 
reversible. Nicosia et al. (2001) indicated that during the rainy season the 
adsorbed viruses could be desorbed from the soil surface and transported 
further through the subsurface area and caused groundwater contamination. 
4.2.1.2 Transport behavior of sewage-associated chemical indicators 
Transport of chemical indicators through sterilized saturated soil column is 
shown in Figure ‎4-12.‎The‎concentrations‎of‎all selected chemical indicators 
reached the breakthrough point immediately by passing 1 PV of feed solution 
which was much earlier than previously tested microbial indicators and 
reached to saturated point at 2 PV. Therefore, chemical indicators had a faster 
speed to penetrate through the soil compared with tested microbial indicators. 
After passing 5 PV of feed solution, the columns were washed by AGW till 
the concentrations of chemical compounds in effluent reached zero. 
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Figure ‎4-12 also illustrates that all eight selected EOCs except ACT and CF 
had high persistence and partitioning in water solution. This finding is in 
agreement with the result of the batch study obtained in the present study, 
which showed among all selected chemical indicators ACT and CF had the 
highest adsorption capacity onto the soil (section 4.1.1.2). Moreover, previous 
studies also reported high sorption of ACT and CF onto the soil through batch 








Figure ‎4-12 Breakthrough curves of selected chemical indicators  
 










































































































4.2.2 Biodegradation of sewage-associated chemical indicators 
Transport of PPCPs and ASs through the subsurface area may be eliminated 
by abiotic processes mainly through sorption or biotic process through 
biodegradation process. To investigate the effects of sorption and 
biodegradation on selected PPCPs and ASs removal, a series of abiotic and 
biotic saturated soil column studies were examined. Concentrations of selected 
PPCPs and ASs were measured in the influents (C0) and effluents (Ct) of each 
column during the progress of experiments. Figure ‎4-13 compares transport of 
selected sewage-associated contaminants through biotic and abiotic saturated 
soil columns. 
 As shown in Figure ‎4-13, the breakthrough for selected PPCPs and ASs 
compounds in the abiotic column were achieved at 2 PV except for CF which 
occurred at 5 PV. Therefore, among all tested organic compounds, CF 
transported slower through the soil and reached the breakthrough point after a 
longer time, which might be attributed to the higher adsorption affinity of CF 
onto the soil. Lin et al. (2010) determined a greater tendency of CF than ACT 
for sorption onto the sediments. The present study also showed that the 
sorption capacity of CF (833.3 ug kg
-1
) was higher than all other tested 
chemical compounds through sorption batch studies (section 4.1.1.2). The 
different breakthrough point of CF obtained in this section (5 PV) compared 
with the previous section (2 PV) might be attributed to the lower flow rate of 
the solution into the column (6 mL min
-1











Figure ‎4-13 Transport of molecular markers through biotic and abiotic soil 
columns  
 













































































































From the data shown in Figure ‎4-13, it is apparent that concentrations of CBZ, 
CTMT, DEET, ACF, CYC and SAC after breakthrough point were 
approximately the same as injected (Ct/C0  1) whereas the concentrations of 
ACT and CF were reduced through soil column (Ct/C0 < 1). The reason can be 
due to the mineralization by soil microorganisms or irreversible adsorption of 
ACT and CF onto the soil (Li et al. 2014, Lin et al. 2010, Zhang et al. 2013b). 
Lin et al. (2010) reported that the degradation of ACT and CF with a half-life 
of 2.1 d and 1.5 d, respectively, in a combined sorption-biodegradation soil 
batch study system. In contrast, sorption alone decreased the concentrations of 
ACT and CF by 30% and 76% for ACT and CF after 15 d and 13 d, 
respectively (Lin et al. 2010).  
As shown in Figure ‎4-13, the breakthrough curve did not occur for ACT, CF, 
and DEET within a 25 PV of feed solution in biotic column, whereas for other 
compounds it occurred at the same PV as the abiotic column (2 PV). 
Therefore, biotic curves of PPCPs and ASs revealed that ACT, CF, and DEET 
were the most biodegradable compounds among all tested compounds. These 
results are in good agreement with previous studies which had shown 
biodegradation of ACT, CF and DEET in the soil/sediments (Hendel et al. 
2006, Lapworth et al. 2012, Li et al. 2014, Weeks et al. 2012). Table ‎4-9 
compares the removal efficiency of all target compounds through abiotic and 
biotic soil columns.  
Table ‎4-9 Removal rate (%) of chemical compounds in abiotic and biotic 
saturated soil columns 
 Soil Columns ACF ACT CBZ CF CTMT CYC DEET SAC 
Abiotic 6.64 24.15 2.29 44.21 7.32 1.90 20.02 3.19 
Biotic 11.89 100.00 1.27 97.66 18.13 12.30 99.52 14.78 
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Table ‎4-9 shows the low removal efficiency of DEET (20%) and ACT (24%) 
and moderate removal efficiency of CF (44%) due to the adsorption in the 
abiotic column. The low to moderate sorption tendency of ACT and CF onto 
the soil was also observed in previous studies (Lin et al. 2010, Nakada et al. 
2008) and till now there are no study on the sorption tendency of DEET onto 
the soil. Other tested compounds, including ACF, CBZ, CTMT, CYC and 
SAC showed no significant removal (below 10% removal) which indicated the 
hydrophilic characteristics of these compounds and this observation is in 
agreement with findings reported in previous studies (Buerge et al. 2009, 
Calisto and Esteves 2012, Lapworth et al. 2012, Yu et al. 2013).  
It can also be seen from Table ‎4-9 that removal rates of ACT, CF and DEET 
increased significantly and achieved approximately 100% through the biotic 
column. The differences between the removal rates in abiotic and biotic 
columns highlighted the effect of biodegradation on the removal of each 
compound by indigenous soil microorganisms through the soil column. Lin et 
al. (2010) investigated the effect of sorption and combined sorption-
biodegradation on the removal of four PPCPs including acetaminophen, 
acebutolol, caffeine and propranolol through soil batch study. Their study 
showed that all compounds have a significant tendency to remove through 
both sorption and degradation. Their research indicated that biodegradation 
was the primary mechanism for removal of ACT since the half-life in the 
combined sorption and biodegradation was 2.1 days, whereas for the sorption 
alone it would take more than 15 days. Their study also determined that both 
sorption and biodegradation had approximately the equal effect on the removal 
of CF through experiment (Lin et al. 2010). The‎result‎of‎Lin‎et‎al.‎ (2010)’s‎
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study is in agreement with the present study. In the present study, by 
comparing removal efficiencies of ACT, CF and DEET in abiotic and biotic 
columns, it was found that biodegradation was the primary mechanism for 
removal of ACT and DEET, whereas both biodegradation and sorption 
mechanisms had an approximately equal effect for CF removal (Benotti and 
Brownawell 2009, Lin et al. 2010). Transport of other tested EOCs including 
ACF, CTMT, CYC and SAC through biotic column exhibited that they were 
not readily biodegradable organic compounds (Buerge et al. 2011, Scheurer et 
al. 2009) and CBZ could be considered as a relatively non-biodegradable 
organic compound (Nakada et al. 2008, Yu et al. 2013). These findings 
suggest that among the eight selected molecular markers, ACF, CBZ, CTMT, 
CYC and SAC are the best sewage chemical markers due to their high 
persistency in the water phase and low biodegradability. 
4.2.3 Effect of primary substrate on sewage-associated chemical 
indicators  
Transport of EOCs through the subsurface area may be affected by many 
factors which may increase or decrease their attenuation. Besides 
understanding the effects of pH and NOM on the removal of EOCs which has 
been discussed through soil batch studies, it is also necessary to determine the 
effect of primary substrates on attenuation of EOCs through their transport in 
soil column studies. It is supposed that the presence of primary substrates at 
ppm level can provide enough energy and carbon sources for soil microbial 
community and consequently affects the attenuation of selected sewage-
associated chemical indicators through the soil. The impact of primary 
substrates on the removal of various EOCs through engineered aquifer 
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recharge and filtration has been studied (Alidina et al. 2014, Onesios-Barry et 
al. 2014, Onesios and Bouwer 2012), however, there is a lack of understanding 
of the effect of primary substrates on attenuation of EOCs by indigenous soil 
microorganisms. 
 The present study was conducted to investigate the impacts of different initial 
concentrations of two primary substrates (supplied as acetate and ammonium 
sulfate) on the removal of sewage-associated chemical markers through the 
saturated biotic soil column.  
4.2.3.1 Effects of ammonium sulfate addition 
Figure ‎4-14 shows the effect of different concentrations of (NH4)2SO4 (0, 20, 
50, 100 ppm) on the transport of chemical indicators through biotic saturated 
soil columns. The concentrations of CH3COONa in all five conditions were 
equal to 50 ppm. The most striking result to emerge from Figure ‎4-14 is that 
removal of ACT and CF was affected by (NH4)2SO4 addition. ACT, CF and 
DEET were removed completely during the transport through a biotic soil 
column in the absence of (NH4)2SO4. Interestingly, the decrease in the 
removal of these three compounds was observed by adding (NH4)2SO4 into the 







Figure ‎4-14 Effect of different (NH4)2SO4 concentrations on transport of 
chemical markers through saturated soil columns  
 
 













































































































































Table ‎4-10 compares the removal rates of each chemical indicators in the 
presence of different concentrations of (NH4)2SO4. The removal rates (%) 
were calculated based on initial concentration (C0) and final concentration in 
the effluent (Ct) at PV = 25. From the data in Table ‎4-10, it can be seen that 
different compounds had different behaviors when they passed through soil 
columns with different concentrations of (NH4)2SO4. In all tested columns, 
CBZ did not adsorb nor biodegrade and hence the presence of (NH4)2SO4 did 
not affect its removal. For all other compounds, the removals in the biotic 
column were higher than abiotic one at zero concentration of (NH4)2SO4.  




































































abiotic  0 6.64 24.15 2.29 44.21 7.32 1.90 10.14 3.19 
biotic  0 16.09 96.45 1.06 92.39 11.99 11.36 99.70 17.09 
biotic  20 11.90 51.08 0.01 40.16 11.01 5.49 99.09 11.42 
biotic  50 10.77 41.59 0.13 26.33 10.77 4.25 63.21 11.73 
biotic  100 4.06 38.40 0.10 14.43 0.70 0.52 58.23 7.65 
From this table, it is apparent that there was a significant difference in removal 
of ACT, CF and DEET between biotic column in the absence of (NH4)2SO4 
and other biotic columns in which (NH4)2SO4 were presented. With regarding 
to the rest of the compounds, the presence of (NH4)2SO4 had a slight effect on 
decreasing their removal efficiency. The significant negative effect of 
(NH4)2SO4 addition on the removal of tested compounds, especially ACT, CF 
and DEET may be due to some reasons as followings. First, by adding 





(Kothawala and Moore 2009) and therefore the adsorption of chemical 
compounds onto the soil particle can be limited and therefore their removal 
through soil decreased. Second, adding (NH4)2SO4 may cause acidification of 
soil environment and as it was shown in section 4.1.3.2 of this study that low 
pH can decrease removal of PPCPs through soil particles. Third, adding 
(NH4)2SO4 can inhibit microbial activity (Lee et al. 2005) and consequently 
decerase the biodegradation of compounds. 
To obtain the relationship between the concentrations of (NH4)2SO4 with 
removal rates of chemical indicators, the coefficient of determination (R
2
) was 
calculated using SPSS software (Pallant 2010). The results showed a negative 
correlation between removals of all compounds (except CBZ) and the amount 
of (NH4)2SO4 added with R
2 
> 0.6. Besides measuring the concentrations of 
chemical compounds in the influent and effluent of each column, the 
concentrations of TOC, NO3
-
, TN, and NH4
+
 were also measured. The 
difference between concentrations of these four parameters can help us 
understand the removal of EOCs and (NH4)2SO4 through the soil column.  





 in influent and effluent of each column with different (NH4)2SO4 
concentrations. As shown in Figure ‎4-15a, TOC removal in all biotic columns 
was higher than abiotic one which indicated the effect of microorganisms on 
the removal of TOC through the soil column. Figure ‎4-15b presents the 
amount of NO3
-
 in the effluent of all columns. The amount of NO3
-
 in the 
effluent decreased to zero which may be because of adsorption or 









 in influent and effluent 
of columns with different concentrations of (NH4)2SO4 A (abiotic, 0 mg 
(NH4)2SO4/L), B (biotic, 0 mg (NH4)2SO4/L), C (biotic, 20 mg (NH4)2SO4/L), D 
(biotic, 50 mg (NH4)2SO4/L), E (biotic, 100 mg (NH4)2SO4/L) 
As it can be seen in Figure ‎4-15c & d, TN and NH4
+
 concentrations in the 
influent of soil columns were increased based on the amount of (NH4)2SO4 
added. The amount of TN and NH4
+
 were decreased in effluent samples which 
indicated the removal of nitrogen through columns. The possible reasons for 
reduced nitrogen compounds through the length of soil column could be their 
sorption onto the soil particles or their degradation by soil microorganisms 
(Kothawala and Moore 2009, Lilienfein et al. 2004). These findings explained 
the possible reasons for a negative correlation between the amount of 
(NH4)2SO4 added and removals of tested organic compounds. 
4.2.3.2 Effects of acetate addition 
Figure ‎4-16 shows the effects of different initial CH3COONa concentrations 
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saturated biotic soil column experiments. The amount of (NH4)2SO4 in all five 
conditions was the same (20 ppm). Some important points can emerge from 
Figure ‎4-16. First, among all tested chemical compounds, removals of CF and 
ACT were highly dependent on CH3COONa concentration. These two 
compounds were removed completely during transport through biotic soil 
columns in the absence or at a lower concentration of CH3COONa (20 ppm) 
due to both adsorption and biodegradation mechanisms. The presence of a 
higher concentration of CH3COONa (50 ppm or 100 ppm) caused the biotic 
degradation pattern to shift toward abiotic one. This observation indicated that 
biodegradations of ACT and CF were dependent on CH3COONa 
concentration. Second, this figure showed DEET could be degraded 
completely in all biotic columns regardless of CH3COONa concentration. 
Thus, biodegradation of DEET was independent of the presence of 
CH3COONa. In order to find the effect of CH3COONa concentration on 
removal of selected sewage-associated chemical markers during soil column, 
removal efficiencies (%) of all tested chemical markers in five different 
conditions were calculated (Table ‎4-11). The removal efficiencies (%) were 
calculated based on the initial concentration in influent (C0) and the final 








Figure ‎4-16 Effect of different CH3COONa concentrations on transport of 
sewage-associated chemical markers through saturated soil columns 
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abiotic 0 7.20 25.01 1.30 35.05 10.99 0.73 14.88 7.40 
biotic 0 11.98 100.00 4.90 100.00 19.85 12.32 99.89 15.02 
biotic 20 11.24 100.00 0.07 98.48 10.70 10.76 99.78 14.40 
biotic  50 11.91 51.08 0.01 40.16 11.02 5.49 99.09 11.42 
biotic 100 6.59 39.79 1.29 40.05 10.92 1.59 99.60 7.59 
It is seen from Table ‎4-11 that removal rates in biotic columns for all tested 
compounds were more than those in abiotic one; however the intensity of the 
impact was different for each compound. It showed 100% removal efficiencies 
for ACT, CF and DEET in the absence or 20 ppm concentration of 
CH3COONa through the biotic column. However, by increasing the 
concentration of CH3COONa from 20 ppm to 50 ppm, degradation of ACT 
and CF gradually decreased and reached 51% and 40%, respectively. This 
observation could be attributed to the usage of CH3COONa as a primary 
carbon source by soil microorganisms and consequently it had a negative 
impact on the removal of biodegradable compounds investigated in this study 
(except DEET) (Onesios and Bouwer 2012). Increasing the amount of 
CH3COONa from 50 ppm to 100 ppm in biotic columns revealed less change 
for ACT (removal efficiency decreased by 12%) and showed no changes for 
CF removal. It may be because in a biotic column with 50 ppm CH3COONa 
addition, ACT could still be biodegraded, but the removal of CF by the 
biodegradation process was already limited. 
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To assess the relationship between the concentration of CH3COONa and 
removal of tested compounds, a correlation of determination (R
2
) was 
calculated using SPSS software (Pallant 2010). Based on the calculated R
2
 
value, negative correlation (R
2
 > 0.75) between the removal of some tested 
compounds, including ACF, CF, ACT, CYC, SAC and CH3COONa 
concentration was observed. Among these five compounds, ACT and CF were 
highly biodegradable compounds and thus their removals were affected more 
than ACF, CYC and SAC by increasing CH3COONa concentration from 0 to 
100 ppm.   
Removal of CTMT was also decreased by adding 20 ppm CH3COONa. 
However, increasing CH3COONa concentration from 20 ppm to 100 ppm did 
not have any impact on its removal. Another striking result to emerge from the 
data was 100% removal of DEET in all biotic columns regardless of 
CH3COONa concentration. This result indicated biodegradability of DEET 
was independent with CH3COONa concentration (R
2
 = 0.4). CBZ showed 
constant concentration (no adsorption, no biodegradation) during the 
experiments, and its removal was not dependent on CH3COONa 
concentration.  
To better understand the removal of EOCs, CH3COONa and (NH4)2SO4 the 




were measured. Figure ‎4-17 














in influent and effluent 
of columns with different concentrations of CH3COONa. A (abiotic, 0 mg 
CH3COONa/L), B (biotic, 0 mg CH3COONa/L), C (biotic, 20 mg 
CH3COONa/L), D (biotic, 50 mg CH3COONa/L), E (biotic, 100 mg 
CH3COONa/L) 
As can be seen in Figure ‎4-17a, TOC concentrations in the influent of soil 
columns increased in relation to the amount of CH3COONa added. TOC 
concentration in the effluent of abiotic column stayed almost unchanged, but it 
dropped in all biotic columns which revealed high removal of CH3COONa 
through the soil column passage. The calculated removal efficiencies of TOCs 
through column A (abiotic, 0 mg CH3COONa/L) and B (biotic, 0 mg 
CH3COONa/L) were 13% and 47%, respectively. Therefore, the difference 
between abiotic and biotic column (34%) showed the removal of tested 
chemical through the soil column more affected by biodegradation. Moreover, 
by increasing CH3COONa concentrations in the influent of biotic soil columns 
C, D and E to 20 ppm, 50 ppm and 100 ppm, respectively, the removal of 





























































removal of CH3COONa in biotic columns. Therefore, the presence of 
CH3COONa caused the decrease of removal of EOCs through soil either by 
occupying the adsorption sites or by usage as a food for soil microorganisms 
(Fotidis et al. 2014, Yoshida 2011), although, the sorption of CH3COONa onto 
the soil has a minor role compared to its usage by microorganisms (Fischer 
and Kuzyakov 2010).  
Table ‎4-9b shows the presence of NO3
-
 in the influent feed solution and its 
absence in the effluent samples of biotic columns. The absence of NO3
-
 in 
effluent samples may be due to adsorption or denitrification processes 
(Robertson and Groffman 2007). Decreased amount of TN and NH4
+
 of 
effluent samples of both biotic and abiotic columns indicated the adsorption of 
NH4
+
 onto the soil (Figure ‎4-17c & d). These findings support the previous 
studies which observed strong adsorption of NH4
+
-N by soil (Kothawala and 
Moore 2009) that led to the decreased removal of EOCs by soil particles.  
4.2.4 Effect of water level fluctuation on sewage-associated chemical 
indicators 
In the subsurface area, transition zone, which separates the unsaturated area 
from saturated one plays an important role in transport of contaminants, flow 
of nutrients, carbon and also activity and growth of microorganisms present in 
the soil (Rezanezhad et al. 2014, Rice et al. 1999, Sinke et al. 1998). Frequent 
rainfall and pumping groundwater resources are the main factors which lead to 
changes in water table level in the subsurface area. Therefore, in those regions 
dependent on groundwater as a freshwater resource or in the rainy seasons of 
the year, a specific pattern of contaminant transport in a transitional zone is 
expected. Research on the effect of water table fluctuation on the transport of 
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sewage contaminants may enhance the knowledge about the transport of 
contaminants through a transitional zone.  
The effects of water table fluctuation on the removal of all selected chemical 
indicators are presented in Figure ‎4-18. As shown in this figure, there was a 
clear trend of increasing in removal efficiencies of ACT, CF, and DEET by 
passing through the length of soil column from ports V1 to V3. Table ‎4-12 
shows the removal efficiencies of these three compounds through three 
different ports of the soil column. As it can be seen in this table, the removal 
efficiencies of all these three compounds were increasing from V1 to V3. The 
reason could be associated with column length. Generally speaking, 
attenuation process such as sorption and degradation of compounds increased 
through their transport from V1 to V3 in the soil column since they had more 
contact time with the soil particles and microorganisms and there were more 
available adsorption sites due to the more amount of the soil. For the rest of 
the compounds including CBZ, CTMT, ACF, CYC and SAC, the removal 
efficiencies in all three ports were approximately same and near to zero (data 










Table ‎4-12 Removal rate (%) of the ACT, CF and DEET through water table 






Average removal rate % 
Before WF after 1ST WF after 2nd WF after 3th WF 
ACT 
V1 49.3 ± 0.03 59.5 ± 0.04 64.5 ± 0.06 79.9 ± 0.05 
V2 71.3 ± 0.01 82.7 ± 0.06 84.2 ± 0.05 91.1 ± 0.07 
V3 96.1 ± 0.04 94.9 ± 0.02 92.6 ± 0.07 98.8 ± 0.02 
CF 
V1 63.4 ± 0.03 64.8 ± 0.06 79.8 ± 0.04 84.5 ± 0.02 
V2 80.2 ± 0.03 85.0 ± 0.04 88.5 ± 0.05 95.3 ± 0.05 
V3 94.5 ± 0.02 96.7 ± 0.02 95.3 ± 0.03 99.4 ± 0.00 
DEET 
V1 71.1 ± 0.01 77.3 ± 0.03 76.5 ± 0.05 90.7 ± 0.07 
V2 72.6 ± 0.03 78.4 ± 0.06 77.8 ± 0.09 96.9 ± 0.04 
V3 94.2 ± 0.01 95.8 ± 0.01 95.3 ± 0.02 99.2 ± 0.01 
A one-way between-groups analysis of variance was conducted to explore the 
effect of water level fluctuation on the removal of the sewage-associated 
chemical indicators through V1, V2 and V3 located at different heights of the 
soil column. The F (2,123)
1
 and P value are shown in Table ‎4-13 (See 
appendix for the detail results of the analysis). The F-value is the quotient of 
the ratio of between-group variance (effect variance) on within-group variance 
(error variance). The higher F-value leads to smaller P value that P < 0.05 
indicated significant differences among the groups (V1, V2, and V3). As shown 
in this table, the high number of F(2,123) for ACT, CF and DEET declared the 
between-groups (V1, V2, and V3) variance exceeded the within group variance 
and their P values equal to zero means that there is a statistically significant 
difference among these three ports.  
 
                                                 
1
 F(2,123)=F(df1,df2) which df1 and df2 specify the degrees of freedom 
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Table ‎4-13 The amount of P and F-test of sewage-associated chemical indicators 




ACT 0 122.301 
CBZ 0.985 0.015 
CF 0 98.552 
CTMT 0.573 0.559 
DEET 0 45.583 
ACF 0.407 0.906 
CYC 0.282 1.279 
SAC 0.102 2.323 
For other compounds, it can be concluded that there was no statistically 
significant difference (P-value > 0.05) between the concentrations of the CBZ, 
CTMT, ACF, CYC and SAC among three ports named V1, V2, and V3. It 
demonstrated that these compounds were persistent through the transport in 
the soil column. This result is in agreement with the previous literatures which 
indicated the low adsorption and biodegradability of these five compounds 
onto the soil (Buerge et al. 2011, Navon et al. 2011, Van Stempvoort et al. 
2011) and also in accordance with the biodegradation and adsorption results of 

























































































































































































































































































































































































































































































































































































































































































































































































Figure ‎4-18  Effect of water table fluctuation on removal of selected chemical 




















































































































































































































































The other interesting result that could be derived from Figure ‎4-18 was by 
changing the unsaturated condition to saturated one (increasing the water level 
to the level above of V2), the concentrations of all compounds were decreased 
in all three ports. The reduction in the concentrations of compounds could be 
attributed to the dilution effect. For example, as it can be seen from 
Figure ‎4-18, the Ct/C0 values of CBZ, CTMT, ACF, CYC, and SAC in all 
three ports were dropped by increasing water level. Then after 2 PV, by 
changing the saturated condition to unsaturated one (water level decreased to 
zero), the Ct/C0 value of these five compounds increased immediately and 
reached as same levels as those before water fluctuated. In contrast, the drop 
of effluent concentrations of some compounds such as ACT, CF, and DEET 
stayed longer time after decreasing water level or changing the condition from 







water fluctuation (WF) took 4.5 PV, 6 PV and 8 PV, respectively, to reach to 
the stable situation. As shown in Table ‎4-12, the removal efficiencies of these 
three compounds from all three ports were increased after 1
st
 WF and then 




 WF happened. For 
example, the average removal efficiency of ACT from V1 was 49.3% before 
WF and it was increased to 79.9% after 3
rd
 WF in the soil column. Since these 
three compounds are biodegradable, therefore, the possible reason may be the 
enhancement of the biodegradation process due to the water fluctuation. 
Iovieno et al. (2008) indicated drying-rewetting cycles of soil could affect 
microbial growth. Their study demonstrated that rewetting the dry soil could 
increase the bacterial growth to approximately 10 times higher than dry soil 
after 7 h. Effect of vertical water table fluctuation in the indigenous soil 
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microorganism population was examined by Rice et al. (1999). Their results 
showed the increase of microbial activity due to the vertical fluctuating water 
table through the soil column. Therefore, it is believed that an increase in 
moisture content could lead to higher microbial activity/growth and 
consequently increased the biodegradation of biodegradable compounds 
investigated in this study including ACT, CF and DEET.  
CBZ, CTMT, ACF, CYC, and SAC are not readily biodegradable, and the 
changes in the microbial population due to the moisture content did not have 
any effects on their degradation.  Therefore, the drop of concentrations could 
be more related to the dilution effect which decreasing water level cause to 
omit their decreasing trend. 
Besides the effect of WF on biodegradation of compounds, adsorption process 
of compounds can also be affected. In the present study the desorption test of 
soil sample before and after WF found that the lower amount of chemicals 
were adsorbed onto the soil in saturated condition than unsaturated one (data 
not shown). Thus, it should be noted that the increasing removal efficiencies 
of these three compounds cannot be due to the adsorption. USEPA (1993) 
indicated that the adsorption of the compounds through the unsaturated 
column was higher than saturated one, especially for hydrophilic compounds 
which have a higher tendency to stay in water rather than soil.  
Another interesting result that can be derived from Table ‎4-12 is the water 
level fluctuation had the most effect on increased removal efficiencies of 
ACT, CF and DEET at V1 and the least effect at V3. For example, comparing 
the removal efficiency of ACT at V1 before water fluctuation (49.3%) and 
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after third times water fluctuation (79.9%) indicated that the removal 
efficiency was increased by 30%, whereas at V2 it was increased by 20% 
(91.1% - 71.3%) and at V3 it remained approximately same. The possible 
reason could be related to the level of water fluctuation. As mentioned before, 
the level of water in the soil column was raised by pouring real rain water 
from the top of the column and increased to the level up to 15 cm from V3 or 2 
cm above V2 (see Figure ‎3-2). Therefore, the first possible reason could be due 
to the higher amount of available oxygen on the top of the column than the 
bottom, which may cause better biodegradation of biodegradable chemical 
compounds at the upper layer of the soil column. Rice et al. (1999) determined 
the changes in microbial population by measuring the amount of O2 and CO2 
through soil column experiments. They measured the amount of O2 and CO2 
as indicators of microbial activity through the soil column from three ports 
named A, B and C at the top, middle and bottom of the column, respectively. 
The distance between two consecutive ports was 7.2 cm. The water level was 
raised three times from below port C to the around 3 cm above port B. This 
experiment found the O2 levels in ports A and B were about the same, but had 
a significant difference with port C. The lower concentration of O2 in port C 
could be due to the location of this port which has higher water content in soil 
pores. The second possible reason may be related to the washing of the 
chemical compounds by rainwater from the top of the column. Thus, there was 









This study has gone some way towards enhancing our understanding of 
transport behavior, in particular, biodegradation and adsorption of the eight 
chemical and two microbial sewage-associated indicators onto the tropical 
soil. This was achieved by considering five sub-objectives, namely (1) to 
study adsorption and biodegradation of selected sewage-associated indicators 
using soil batch study, (2) to assess the effect of environmental matrices (pH 
and NOM) on removal ofselected sewage-associated indicators using batch 
study, (3) to evaluate transport behavior and removal rate of the selected 
sewage-associated indicators through soil column, (4) to assess the effect of 
easily biodegradable primary substrates (CH3COONa and (NH4)2SO4) on the 
transport of selected chemical indicators, and (5) to study the effect of water 
table fluctuation due to the rainfall on transport of chemical indicators.   
The adsorption data related to the all tested sewage-associated indicators, 
including equilibrium time, the adsorption rate constant (K1 and K2) and 
sorption capacity indicated the faster and higher adsorption rate of microbial 
indicators than chemical indicators. Therefore, chemical indicators had a 
higher risk to move downward with percolating water while microbial 
indicators were readily retarded into soil. 
PH and NOM as environmental factors could have various effects on 
adsorption of sewage indicators in soil. The different effect of pH on PPCPs 
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and ASs could be related to the physicochemical properties of compounds 
(such as pKa value) and the soil surface charge. The decreased removal of 
microbial indicators with increased pH could be due to the increase in electro-
negativity of the soil surface and membrane of microbes. The effect of NOM 
might be due to the competition for occupying the binding site on the soil 
surface between NOM and indicators  
The negative effect of CH3COONa on the removal of organic indicators could 
be due to the usage of CH3COONa by soil microorganisms as a primary 
carbon source and consequently decreased consumption of organic indicators. 
Similar to CH3COONa, there was a negative impact of (NH4)2SO4 on the 
removal of all organic compounds except CBZ. The negative impact of 
(NH4)2SO4 may be due to the competition of soil binding sites and soil 
acidification. Besides the effects of primary substrates, this study indicated 
that alternative change of saturated and unsaturated soil condition can effect 
on adsorption and biodegradation behavior of chemical compounds. 
To sum up, the evidence from this study suggested that among all tested 
sewage-associated indicators ACF, CBZ, CTMT, CYC and SAC can be 
considered as suitable sewage-associated chemical indicators in water solution 
because of their high persistency in water solution with low adsorption and 
biodegradability in soil. Moreover, environmental factors (i.e., NOM, pH, 
primary substrates, water table fluctuation) had only slight effects on their 
removal in the soil. 
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5.2 Conclusion  
Adsorption batch studies showed that all eight selected sewage-associated 
chemical indicators reached the equilibrium within 24 h, and they preferably 
followed second-order kinetics with a correlation coefficient of (R
2
) > 0.98. 
The adsorption capacity of the eight sewage-associated chemical indicators in 
soil was in the following order: CF > ACT> CYC> ACF> CBZ> SAC> 
DEET> CTMT. Adsorption studies of two selected sewage-associated 
microbial indicators (E. coli and MS2) reached the equilibrium after 60 min, 
and they followed first order kinetics. Adsorption isotherm of all selected 
chemical indicators and MS2 was fit well to Freundlich adsorption isotherm 
suggesting their multilayer adsorption onto the soil surface whereas, 
adsorption isotherm of E. coli followed the Langmuir isotherm model. 
Studies on effects of pH and NOM as environmental factors on the removal of 
selected sewage-associated microbial/chemical indicators found that 
increasing the pH level decreased the sorption coefficient (Kd) of both tested 
microbes (E. coli and MS2) and three selected ASs (ACF, CYC, and SAC) 
onto the soil. The pH had also affected the sorption coefficients of selected 
PPCPs in which, with increasing the pH, the Kd value slightly increased. The 
effect of NOM on the removal of all selected sewage-associated indicators 
showed a higher amount of NOM could decrease the sorption affinity of all 
selected chemical and microbial indicators onto the soil.  
This study determined that the removal of ACT and CF could be limited by 
both adsorption and biodegradation processes while the removal of DEET and 
SAC was only limited by biodegradation process albeit with different 
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intensity. The concentrations of the rest of the compounds did not change 
through these two experimental conditions which indicated their high 
persistence and partitioning in water solution. 
Transport of all selected sewage-associated indicators through saturated 
abiotic soil column study was investigated. Microbial indicators reached the 
saturated point after 10 PV whereas all the chemical indicators reached after 2 
PV. Therefore, faster transport of chemical indicators than microbial 
indicators occurred in a soil which may imply that chemical indicators could 
be more suitable to select as a sewage-associated indicators. Transport of 
chemical indicators through biotic and abiotic saturated soil columns were 
studied. Removal efficiencies of CF, ACT, and DEET in abiotic columns were 
44%, 24% and 20%, respectively, which were higher than other tested 
compounds (< 10%). However, transport of chemical indicators through biotic 
column showed complete degradation of ACT, CF and DEET (around 100%) 
and slightly increased removal of other compounds except CBZ. 
Effects of CH3COONa and (NH4)2SO4 as primary substrates on the removal of 
chemical indicators through the saturated soil column were investigated. The 
results showed a negative correlation between the amount of CH3COONa with 
the removal of all chemical compounds except CBZ and DEET. Specifically 
the effect of CH3COONa on the removal of ACT and CF was higher than 
other compounds.  
This study indicated that the removal of ACT, CF and DEET increased 
through the length of column due to the more available sorption sites and more 
contact time with soil microorganisms. The results also showed the increased 
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removal of ACT, CF and DEET by increasing the water level in column, 
which may be due to the both dilution and biodegradation effects. The 
removal of the rest of the compounds including ACF, CBZ, CTMT, CYC and 
SAC also decreased with increasing the water level in soil column, but after 
water level decreased, the dilution effect diminished and resulting in an 
immediate increase in their effluent concentration. 
5.3 Limitations and Recommendations  
Based on the findings of this study, the following are limitations of the present 
study followed by useful recommendations for further research in the field of 
the fate and transport of contaminant through the subsurface area. 
The present study was restricted only to the transport characteristics of pure 
culture/chemicals in soil. However, studies on the transport behavior of 
sewage-associated chemical/microbial indicators through the soil column can 
be more related to the practical situation. Therefore, to better understand the 
transport behavior of sewage-associated indicators through subsurface area 
using laboratory soil column, it is recommended to examine the difference 
between transport of microbial/chemical indicators in soil columns when they 
are injected as pure culture/chemicals and with real sewage. This information 
provides more realistic data by considering the effect of whole sewage metrics 
on the transport of sewage-associated indicators through the subsurface area. 
Moreover, Although soil column experiments can provide useful information 
for non-equilibrium solute transport models in the soil, the results of these 
studies may be different by changing the dimension of the soil column. Thus, 
further studies need to be conducted to establish whether the size of soil 
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column can affect the transport behavior of selected sewage indicators or not. 
Besides the size of the soil column, in the present study only one type of soil 
has been used. Characterizing and comparing the transport behavior of 
selected sewage indicators through a different type of soil will be an 
interesting area for future work.  
It is acknowledged that this study selected only two microbial indicators 
versus eight chemical indicators. Therefore, it may not be a proper comparison 
between the suitability of microbial and chemical indicators. There is a need to 
study the transport behavior of some more suitable microbial indicators such 
as Bacteroides spp. and Enterococcus to get a better idea about the suitability 
and feasibility of sewage-associated microbial indicators. 
The current study has been limited by the effect of the primary substrates 
under saturated conditions, while the effects under the unsaturated condition 
are still unknown. More studies are required to determine the effect of primary 
substrates on sewage-associated chemical indicators under unsaturated 
conditions. The present study is also limited by the lack of information on the 
microbial community present in the soil column. Further research needs to 
examine more closely the links between microbial communities and 
biodegradation rate of sewage chemical indicators. 
The effects of environmental factors are not limited to pH and NOM. There is 
a need to investigate the effects of other environmental characteristics such as 







, and oxidized metals), nutrients, temperature and moisture content 
on the transport of sewage-associated indicators through the subsurface area 
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since they may interfere in microbial activity and organic degradation. This 
information helps better understand the transport of EOCs through the 
subsurface area and, therefore, reduce the risk of groundwater pollution.  
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Robust Tests of Equality of Means 
CYC 
 Statistica df1 df2 Sig. 
Welch 1.484 2 78.271 .233 








(I) V (J) V 
Mean Difference (I-
J) Std.  Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .01984804 .01986977 .579 -.0272915 .0669875 
3 .03142019 .01986977 .258 -.0157193 .0785597 
2 1 -.01984804 .01986977 .579 -.0669875 .0272915 
3 .01157215 .01986977 .830 -.0355673 .0587116 
3 1 -.03142019 .01986977 .258 -.0785597 .0157193 











Subset for alpha = 
0.05 
1 
3 42 .9385514 
2 42 .9501235 
1 42 .9699715 
Sig.  .258 
Means for groups in homogeneous subsets are 
displayed. 




ONEWAY ACT BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 






Output Created 15-Jun-2015 20:00:47 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY ACT BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.016 










Deviation Std.  







1 42 .3514029 .11924456 .01839984 .3142436 .3885621 .12527 .55243 
2 42 .1455412 .09247552 .01426928 .1167238 .1743586 .00124 .30380 
3 42 .0448774 .04877512 .00752616 .0296780 .0600768 .00000 .26172 








Test of Homogeneity of Variances 
ACT 
Levene Statistic df1 df2 Sig. 





 Sum of Squares df Mean Square F Sig. 
Between Groups 2.051 2 1.025 122.301 .000 
Within Groups 1.031 123 .008   
Total 3.082 125    
 
 
Robust Tests of Equality of Means 
ACT 
 Statistica df1 df2 Sig. 
Welch 124.100 2 71.505 .000 








(I) V (J) V 
Mean Difference (I-
J) Std.  Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .20586167* .01998015 .000 .1584603 .2532630 
3 .30652543* .01998015 .000 .2591241 .3539268 
2 1 -.20586167* .01998015 .000 -.2532630 -.1584603 
3 .10066376* .01998015 .000 .0532624 .1480651 
3 1 -.30652543* .01998015 .000 -.3539268 -.2591241 
2 -.10066376* .01998015 .000 -.1480651 -.0532624 








Subset for alpha = 0.05 
1 2 3 
3 42 .0448774   
2 42  .1455412  
1 42   .3514029 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 




ONEWAY CBZ BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 








Output Created 15-Jun-2015 20:01:18 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY CBZ BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.015 











Deviation Std.  







1 42 .9673950 .09632924 .01486392 .9373767 .9974133 .58108 1.13518 
2 42 .9652733 .15027978 .02318867 .9184429 1.0121038 .21614 1.13629 
3 42 .9619188 .17861260 .02756052 .9062592 1.0175784 .00326 1.19131 






Test of Homogeneity of Variances 
CBZ 
Levene Statistic df1 df2 Sig. 




 Sum of Squares df Mean Square F Sig. 
Between Groups .001 2 .000 .015 .985 
Within Groups 2.614 123 .021   
Total 2.615 125    
 
Robust Tests of Equality of Means 
CBZ 
 Statistica df1 df2 Sig. 
Welch .016 2 76.306 .984 
a. Asymptotically F distributed. 
 
 




(I) V (J) V 
Mean Difference (I-
J) Std.  Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .00212167 .03181439 .998 -.0733555 .0775988 
3 .00547619 .03181439 .984 -.0700010 .0809534 
2 1 -.00212167 .03181439 .998 -.0775988 .0733555 
3 .00335452 .03181439 .994 -.0721227 .0788317 
3 1 -.00547619 .03181439 .984 -.0809534 .0700010 

















Subset for alpha = 
0.05 
1 
3 42 .9619188 
2 42 .9652733 
1 42 .9673950 
Sig.  .984 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 42.000. 
 
 
ONEWAY CF BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 















Output Created 15-Jun-2015 20:01:32 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY CF BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.031 










Deviation Std.  
95% Confidence 






1 42 .2502670 .09702160 .01497076 .2200330 .2805011 .11728 .41360 
2 42 .1142168 .07079452 .01092383 .0921556 .1362779 .00168 .23562 
3 42 .0338699 .02954589 .00455903 .0246627 .0430770 .00000 .10640 








Test of Homogeneity of Variances 
CF 
Levene Statistic df1 df2 Sig. 




 Sum of Squares df Mean Square F Sig. 
Between Groups 1.005 2 .503 98.552 .000 
Within Groups .627 123 .005   
Total 1.632 125    
 
Robust Tests of Equality of Means 
CF 
 Statistica df1 df2 Sig. 
Welch 108.398 2 66.372 .000 
a. Asymptotically F distributed. 
 
 





(I) V (J) V 
Mean Difference (I-
J) Std.  Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .13605026* .01558286 .000 .0990811 .1730194 
3 .21639715* .01558286 .000 .1794280 .2533663 
2 1 -.13605026* .01558286 .000 -.1730194 -.0990811 
3 .08034689* .01558286 .000 .0433777 .1173160 
3 1 -.21639715* .01558286 .000 -.2533663 -.1794280 
2 -.08034689* .01558286 .000 -.1173160 -.0433777 










Subset for alpha = 0.05 
1 2 3 
3 42 .0338699   
2 42  .1142168  
1 42   .2502670 
Sig.  1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 42.000. 
 
 
ONEWAY CTMT BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 







Output Created 15-Jun-2015 20:01:43 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY CTMT BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.015 










Deviation Std.  







1 42 .8947029 .11268234 .01738726 .8595886 .9298171 .58705 1.03546 
2 42 .9200950 .12379620 .01910217 .8815174 .9586726 .45007 1.09302 
3 42 .8931038 .15382822 .02373621 .8451676 .9410401 .15967 1.08444 







Test of Homogeneity of Variances 
CTMT 
Levene Statistic df1 df2 Sig. 




 Sum of Squares df Mean Square F Sig. 
Between Groups .019 2 .010 .559 .573 
Within Groups 2.119 123 .017   
Total 2.138 125    
 
Robust Tests of Equality of Means 
CTMT 
 Statistica df1 df2 Sig. 
Welch .596 2 80.810 .553 
a. Asymptotically F distributed. 
 
 





(I) V (J) V 
Mean Difference (I-
J) Std.  Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 -.02539214 .02864283 .650 -.0933450 .0425608 
3 .00159905 .02864283 .998 -.0663538 .0695519 
2 1 .02539214 .02864283 .650 -.0425608 .0933450 
3 .02699119 .02864283 .615 -.0409617 .0949441 
3 1 -.00159905 .02864283 .998 -.0695519 .0663538 










Subset for alpha = 
0.05 
1 
3 42 .8931038 
1 42 .8947029 
2 42 .9200950 
Sig.  .615 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 42.000. 
 
 
ONEWAY DEET BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 







Output Created 15-Jun-2015 20:01:56 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY DEET BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.031 











Deviation Std.  







1 42 .2017169 .08202402 .01265658 .1761564 .2272774 .02244 .30120 
2 42 .1655088 .11373676 .01754996 .1300659 .2009517 .00267 .33039 
3 42 .0386793 .02442568 .00376896 .0310677 .0462909 .00138 .07605 







Test of Homogeneity of Variances 
DEET 
Levene Statistic df1 df2 Sig. 




 Sum of Squares df Mean Square F Sig. 
Between Groups .616 2 .308 45.583 .000 
Within Groups .831 123 .007   
Total 1.446 125    
 
Robust Tests of Equality of Means 
DEET 
 Statistica df1 df2 Sig. 
Welch 95.254 2 61.275 .000 
a. Asymptotically F distributed. 
 
 




(I) V (J) V 
Mean Difference (I-
J) Std. Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .03620810 .01793312 .112 -.0063369 .0787530 
3 .16303762* .01793312 .000 .1204927 .2055826 
2 1 -.03620810 .01793312 .112 -.0787530 .0063369 
3 .12682952* .01793312 .000 .0842846 .1693745 
3 1 -.16303762* .01793312 .000 -.2055826 -.1204927 
2 -.12682952* .01793312 .000 -.1693745 -.0842846 

















Subset for alpha = 0.05 
1 2 
3 42 .0386793  
2 42  .1655088 
1 42  .2017169 
Sig.  1.000 .112 
Means for groups in homogeneous subsets are displayed. 
a. Uses Harmonic Mean Sample Size = 42.000. 
 
 
ONEWAY SAC BY V 
  /STATISTICS DESCRIPTIVES HOMOGENEITY WELCH 
  /MISSING ANALYSIS 









Output Created 15-Jun-2015 20:02:05 
Comments   
Input Data C:\Users\User\Desktop\Untitled3.sav 
Active Dataset DataSet2 
Filter <none> 
Weight <none> 
Split File <none> 
N of Rows in Working Data File 127 
Missing Value Handling Definition of Missing User-defined missing values are treated as 
missing. 
Cases Used Statistics for each analysis are based on cases 
with no missing data for any variable in the 
analysis. 
Syntax ONEWAY SAC BY V 
  /STATISTICS DESCRIPTIVES 
HOMOGENEITY WELCH 
  /MISSING ANALYSIS 
  /POSTHOC=TUKEY ALPHA(0.05). 
 
Resources Processor Time 00 00:00:00.000 










Deviation Std.  







1 42 .9158083 .11718632 .01808224 .8792905 .9523261 .56484 1.09790 
2 42 .8883186 .11049065 .01704908 .8538873 .9227499 .50877 1.09607 
3 42 .8614081 .11912623 .01838158 .8242857 .8985304 .44513 .98594 







Test of Homogeneity of Variances 
SAC 
Levene Statistic df1 df2 Sig. 




 Sum of Squares df Mean Square F Sig. 
Between Groups .062 2 .031 2.323 .102 
Within Groups 1.645 123 .013   
Total 1.708 125    
 
Robust Tests of Equality of Means 
SAC 
 Statistica df1 df2 Sig. 
Welch 2.208 2 81.911 .116 
a. Asymptotically F distributed. 
 
 




(I) V (J) V 
Mean Difference (I-
J) Std. Sig. 
95% Confidence Interval 
Lower Bound Upper Bound 
1 2 .02748971 .02523913 .523 -.0323882 .0873676 
3 .05440019 .02523913 .083 -.0054777 .1142781 
2 1 -.02748971 .02523913 .523 -.0873676 .0323882 
3 .02691048 .02523913 .537 -.0329674 .0867884 
3 1 -.05440019 .02523913 .083 -.1142781 .0054777 












Subset for alpha = 
0.05 
1 
3 42 .8614081 
2 42 .8883186 
1 42 .9158083 
Sig.  .083 
Means for groups in homogeneous subsets are 
displayed. 
a. Uses Harmonic Mean Sample Size = 42.000. 
 
 
 
 
 
 
 
